Comparison of the new vapor sorption analyzer to the traditional saturated salt slurry method and the dynamic vapor sorption instrument by Penner, Elizabeth
 
 
 
 
 
 
COMPARISON OF THE NEW VAPOR SORPTION ANALYZER TO THE  
TRADITIONAL SATURATED SALT SLURRY METHOD AND  
THE DYNAMIC VAPOR SORPTION INSTRUMENT 
 
 
 
 
BY 
 
ELIZABETH A. PENNER 
 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Food Science and Human Nutrition 
with a concentration in Food Science 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2013 
 
 
 
Urbana, Illinois 
 
Adviser: 
 
Professor Shelly J. Schmidt 
  
ii 
 
ABSTRACT 
 
Water is a key component of food materials. One of the most useful aspects of the 
water activity (aw) concept is the moisture sorption isotherm, which plots the moisture 
content of a material as a function of aw at the same temperature. Moisture sorption 
isotherms are useful for a variety of processing and product stability applications. The 
most common methods of generating equilibrium moisture sorption isotherms are using 
saturated salt slurries (SSS) or humidity generating instruments.  
The saturated salt slurry method has been a standard method for many years, but 
there are several drawbacks to this method, including long equilibration times, extensive 
labor required, and mold growth at high aw values. Many of the disadvantages of the SSS 
method have been overcome by humidity generating instruments represented by the 
Dynamic Vapor Sorption (DVS) instrument from Surface Measurement Systems Ltd. 
There have been several studies done to show that the humidity generating instruments 
are reliable in terms of their accuracy compared to the SSS method.  
The Vapor Sorption Analyzer (VSA) is a new type of isotherm generating 
instrument. The VSA collects aw and weight change data similar to the DVS, but has the 
added benefit of being able to generate non-equilibrium isotherms as well. Currently, 
there are a few methods able to produce non-equilibrium isotherms, but no instrument has 
the capability of producing both types of isotherms. Within this one instrument, the 
uniqueness of each type of isotherm can be used in order to obtain the most information 
about the moisture characteristics of a material. Since the VSA still overcomes most of 
the drawbacks of the saturated salt slurry method and also has the capability of generating 
both types of isotherms, it would be beneficial to make use of this new instrument. 
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However, no research has been published that investigates the accuracy of the VSA 
compared to the SSS method or other humidity generating instruments.  
This research investigated the validity of the new VSA by comparing the 
equilibrium isotherms generated to the SSS and DVS isotherms. Working isotherms of 
five different types of food materials (microcrystalline cellulose, soy protein isolate, 
pregelatinized corn starch, crystalline sucrose, and corn flakes) were obtained in 
duplicate at 25°C at 11 aw values, ranging between 0.064 and 0.936. Results were 
analyzed using a mixed model ANOVA and pairwise tests were performed to determine 
if there was a statistical difference in the mean moisture content between the different 
methods at each aw. The Scheffe method was used to correct for the p-value to account 
for the multiple test comparisons. p-values below 0.05 were considered to be significant. 
The SSS, VSA, and DVS methods all produce similar equilibrium sorption 
isotherms for the five materials tested. Very few differences were found to be significant 
and can all be attributed to the heterogeneous nature of the food material or the expected 
variation around that particular aw value for the material. Thus, the VSA has proved to be 
an accurate instrument in terms of generating equilibrium sorption isotherms for food 
materials. 
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CHAPTER 1: LITERATURE REVIEW 
1.1 Water in Foods 
 Water is the most abundant, unique, and essential substance on earth. It 
commonly exists in all three physical states: solid, liquid, and gas. Water is a major 
component of food ingredients and products and influences the chemistry, 
microbiological safety, nutritional value, texture, appearance, and taste of the food. Water 
helps determine the safety and quality of the food product because of its effect on these 
factors (Schmidt 2004).  
 
1.2 Water Activity 
 The notion of substance “activity” was derived in 1907 by Gilbert N. Lewis from 
the laws of equilibrium thermodynamics and was then described in detail in 1923 by 
Lewis and Randell. In a homogeneous mixture, each component has a chemical potential 
(μ), which describes how much the free energy changes per mole of substance added to 
the system. In an ideal solution, the chemical potential of water can be expressed by the 
following equation: 
μw = μw°+RTln aw        Equation 1.1 
where μw° is the chemical potential of pure water in a standard state, R is the universal 
gas constant, T is temperature, and aw is water activity (Schmidt 2004).  
 From the thermodynamic standpoint, aw is a measure of the ability or tendency of 
water molecules to escape from the liquid phase to the vapor phase. The ratio of the 
fugacity (f) of water in the sample to that of pure water in a standard state (fo) at constant 
temperature is defined as (Damodaran et al 2008): 
aw = f/fo        Equation 1.2 
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 According to Damodaran and others (2008), at low pressures the difference 
between f/fo and p/po (where p is the partial vapor pressure of water and po is the vapor 
pressure of pure water at constant temperature) is less than 1%, so aw is justifiably 
defined as:  
aw = p/po         Equation 1.3 
 Aw is also equal to the percent relative humidity (%RH), divided by 100. There 
are two main assumptions underlying the definition of aw: 1) the food system must be in 
thermodynamic equilibrium and 2) temperature and pressure must be constant. 
Unfortunately, these assumptions are often violated in food systems. Most foods 
experience physical, chemical, and microbiological changes over time and are therefore 
non-equilibrium systems (Schmidt 2004). However, the concept of aw has proven to be an 
extremely useful and practical tool in the food industry and in food science research. 
Unlike total moisture content, which provides little to no correlation to the water 
availability associated with biological, chemical, and physical reactions, aw can be used 
as an empirical parameter to correlate with microbial growth and chemical reaction rates 
(Fennema 1996, Christen 2000).  
 There are several methods used to measure aw, ranging from simple laboratory 
procedures to specialized equipment. The isopiestic method determines the aw of foods by 
weight changes. Samples are placed in closed environments of known relative humidity, 
controlled by salt slurries, and allowed to equilibrate at a fixed temperature. A sample 
with an aw below that of the salt slurry will adsorb moisture, while the opposite occurs to 
samples with an aw above the salt slurry. The change in weight due to loss or gain of 
moisture is plotted against relative humidity.  
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The following specialized equipment descriptions are summarized in Fontana 
(2007) and Yu (2007). The chilled mirror dew point method places a sample in a chamber 
containing a mirror and allowed to equilibrate with the surrounding air space. The mirror 
is cooled until droplets of water vapor form on the mirror and at that point the 
temperature is measured since the instrument is able to detect the condensate on the 
mirror. This dew point temperature along with the sample temperature can then be used 
to calculate the aw of the sample. The vapor pressure manometer determines aw by 
measuring the vapor pressure directly above the food. The sample is placed in a flask 
connected to a manometer and evacuated so that only a minimum amount of moisture is 
lost from the sample. The sample is allowed to equilibrate and the vapor pressure is 
measured. The evaporated water is then removed and the vapor pressure of the remaining 
gases and volatiles are measured. The difference between the two readings is divided by 
the vapor pressure of pure water at the same temperature to calculate the aw of the food. 
The hair hygrometer is based on the principle that hair changes its dimensional length 
with atmospheric humidity. Hair strands are fixed at one end and are attached to an 
indicating lever arm on the other end. After equilibrating, the relative humidity can be 
read directly based on the deflection of the lever arm. The electric hygrometer works on 
the principle that a material changes its electrical response as a function of relative 
humidity. A sample is placed in a sealed chamber containing a sensor that is calibrated to 
convert the resistance or capacitance value to aw. Depending on the water vapor pressure 
of the surrounding air, water will adsorb or desorb within the sensor and alter the 
electrical properties of the material. A psychrometer contains a small thermocouple 
(intersection of two dissimilar wires producing a voltage equal to the temperature 
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differential) in order to measure the wet bulb temperature. The thermocouple is 
positioned above the sample in a sealed chamber. A small droplet of water is placed on 
the thermocouple junction surface and allowed to evaporate. The latent heat of 
vaporization cools the thermocouple to equal the wet bulb temperature. Then the dry and 
wet bulb temperatures are used to calculate the percent relative humidity. 
 
1.3 Moisture Sorption Isotherms 
 One of the most useful aspects of the water activity concept for food systems and 
ingredients is the relationship of moisture content as a function of relative humidity at the 
same temperature. This relationship is unique for each food material and is known as the 
moisture sorption isotherm. The isotherm describes the amount of water sorbed 
(adsorption or desorption) at equilibrium by a material at a known aw at a constant 
temperature (Bell and Labuza 2000).  
 As mentioned, all food materials have their own characteristic moisture sorption 
isotherm. However, most sorption isotherms have a sigmoidal shape, similar to that 
shown in Figure 1.1. As an aid to understanding the meaning and usefulness of sorption 
isotherms, it can be divided into three regions as indicated in Figure 1.1.  Zone 1 
(aw<0.25) represents monolayer water, which is strongly associated with the food 
material, unable to freeze, and not easily removed by drying. The water in this region 
interacts most strongly with the solids and is least mobile. It behaves as part of the solid, 
but is still quite exchangeable. The high moisture end of this region corresponds to the 
“BET monolayer” moisture content of the food. This value is the approximate amount of 
water needed to form a monolayer over accessible, highly polar groups of the dry matter 
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(Fennema 1996). Zone II (0.25<aw<0.75) represents water that is adsorbed or absorbed in 
multilayers within foods and solutions of soluble components. It is slightly less mobile 
than bulk water. As water is added to the low-moisture end of this region, it exerts a 
significant plasticizing action on solutes, lowers their glass transition temperatures, and 
causes swelling of the solid matrix. Zone III (aw>0.75) represents bulk or “free” water, 
which is freezable and easily removed by drying. This water is available for microbial 
growth and enzyme activity (Fennema 1996). 
Brunauer and others (1940) classified adsorption isotherms into five general types 
based on the van der Waals adsorption of gases adsorbing on various nonporous solid 
substrates. Later, isotherms were incorporated into six general types by the IUPAC, as 
shown in Figure 1.2. Type I, II, and III are the most common moisture sorption isotherms 
for food materials. A variety of factors influence sorption isotherms, including 
composition, temperature, and pressure (Bell and Labuza 2000).  
Type I isotherms are typical for anticaking agents since they can hold large 
amounts of water at low water activities. There are a number of binding sites, but once 
occupied, there is little increase in moisture content at increasing relative humidity values 
since all the pores are filled. There is no swelling or solutes present that can dissolve. 
Type II isotherms represent the sigmoidal curve that describes the majority of processed 
foods. There is two main bends in this type of isotherm, one around an aw of 0.2 to 0.4 
and another at aw 0.6 to 0.7. The low aw bend is due to build-up of multilayers and filling 
of small pores. The high aw bend is due to swelling, filling of large pores, and then solute 
dissolution. Type III isotherms describe food materials that are composed mainly of 
crystalline components such as salt and sugars. Moisture gain is very low up to the point 
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where the crystals begin to dissolve in the adsorbed water at the surface of the crystal, 
known as the deliquescent point (Labuza and Altunakar 2007). 
From the practical view of obtaining the moisture sorption isotherm of a food 
system, there are three approaches: adsorption, desorption, and working isotherms. For an 
adsorption isotherm, samples need to be dried to near zero percent moisture. The sample 
is then hydrated with water in order to obtain the moisture sorption isotherm. For a 
desorption isotherm, samples are hydrated completely first and then moisture is removed 
to obtain the isotherm. A working isotherm starts with the sample “as is”, or in the natural 
state. One sample has moisture removed from the natural state (desorption curve), while a 
different sample has moisture added to the natural state (adsorption curve). Isotherm data 
points (moisture content and water activity) are determined by measuring equilibrium 
moisture contents at several water activities (Bell and Labuza 2000).  
As shown in Figure 1.3, the moisture sorption isotherm curve can be generated 
from an adsorption or desorption process. The difference in moisture content between the 
adsorption and desorption curves for a given water activity value is due to hysteresis. 
This phenomenon could result in three different isotherms for the same food sample 
depending on the approach used. One reason for this difference is that during drying 
(desorption), some solutes may be supersaturated below their crystallization aw and 
therefore hold more water as aw is lowered. Also, capillaries can empty differently upon 
desorption, as the surface tension and wetting angle differ between adsorption and 
desorption, resulting in a higher moisture content for desorption. A working isotherm will 
fall in the middle of the two curves. Due to hysteresis, working isotherms are often used 
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to show the true response of food materials to changes in relative humidity (Labuza and 
Altunakar 2007). 
 
1.4 Isotherm Prediction Models 
 Isotherm prediction models are useful for establishing critical moisture content 
and predicting potential changes in food stability. According to Labuza and Altunakar 
(2007) mathematical models with two or more parameters have been used and more than 
270 isotherm equations have been proposed. These models are classified as theoretical, 
semi-empirical, or empirical.  
 One of the most successful ways to determine the monolayer moisture content of 
foods is using the Brunauer-Emmett-Teller (BET) isotherm. The BET equation is derived 
based on kinetic and statistical mechanics and also from thermodynamic considerations. 
The BET equation is: 
  
(    ) 
 
 
  
  
   
   
          Equation 1.4 
where mo is the monolayer moisture content and C is a constant related to the excess 
enthalpy of sorption. The BET equation is often used because it is simple and provides a 
good fit to the isotherm from 0 to 0.5 aw (Yu 2007 and Li 2010).  
 The breakdown of the BET model at high aw values leads to the development of 
the Guggenheim, Anderson, and de Boer (GAB) model. The GAB equation has been 
considered the best-fit model for describing the full shape of a type II food moisture 
sorption isotherm (Rahman 1995). According to Labuza and Altunakar (2007), the GAB 
equation has been found to adequately represent experimental data in the range of 0 to 
0.95 aw for most foods. The GAB equation is: 
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      Equation 1.5 
where m is the moisture content, mo is the monolayer moisture content and kb and c are 
constants. This equation can be solved by a nonlinear regression computer program or by 
rearranging into a polynomial form. Rahman (1995) points out that significantly different 
parameters are generated depending on the method used to solve the GAB equation.  
 Smith (1947) developed an empirical model to describe the final curved portion of 
type III water sorption isotherms which are usually consisting of bio-polymers with high 
molecular weight. The Smith equation can be written as: 
         (    )      Equation 1.6 
where m is the moisture content and a and b are constants. The constant “a” is the 
intercept of the moisture content axis (y-intercept) representing the quantity of water in 
the first sorbed fraction. Constant “b” is the slope of the isotherm within the multi-layer 
moisture fraction. Lang and Steinberg (1981) applied the Smith isotherm equation to the 
sorption behavior of a wide variety of food components at 20°C. The solutes studied were 
sucrose, glucose, NaCl and KCl, and the polymers studied were starch, cellulose, casein, 
and soy protein. A linear fit was obtained for the polymers tested in the aw range of 0.30 
to 0.95. For individual solutes, including both sugars and salts, a linear fit was obtained 
above the saturation aw of each solute. Chinachoti and Steinberg (1984) also applied the 
Smith isotherm equation with a focus on the sucrose-starch-water system. Starch, 
sucrose, and several starch:sucrose mixtures were studied to understand the interaction of 
starch-sucrose. The Smith equation was used to generate isotherms at 25°C and a linear 
fit was obtained over the aw range 0.329 to 0.860 for all mixtures and then 0.860 to 0.925 
for all mixtures, as well as starch and sucrose individually. Chinachoti (1990) expanded 
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the previous aw range of Chinachoti and Steinberg (1984) by extension of the Smith 
isotherm for starch, sucrose, and salt and generating new parameters for aw 0.925 to 
0.968. 
 The BET, GAB, and Smith models and the monolayer concept on which they are 
based appear to be useful in explaining various stability mechanisms. However, the 
models are theoretical and the isotherm data does not always fit well into the model 
(Labuza and Altunakar 2007).  
 
1.5 Importance of Sorption Isotherms 
Moisture sorption isotherms can be useful for a variety of processing and product 
stability applications. From a shelf life perspective, an isotherm can be used to determine 
what aw and associated moisture content will inhibit growth of microorganisms and help 
predict the chemical and physical stability of foods as a function of changes in their 
moisture content. In terms of product development, an isotherm helps in formulating food 
mixtures to avoid moisture transfer among ingredients and allows for ingredient selection 
to change the aw. From a processing standpoint, isotherms are useful to study and control 
the concentration and dehydration processes, since the ease or difficulty of removing 
water is related to the relative vapor pressure. Isotherms are important in packaging 
because it helps determine the moisture barrier properties needed in a packaging material 
to limit moisture gain or loss in a package (Damodaran 2008).  
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1.6 Water Sorption Isotherm Measurements 
 The moisture sorption isotherm of a material is obtained from the equilibrium 
moisture contents determined at several aw values at constant temperature. Labuza and 
Altunakar (2007) summarized the determination of moisture sorption isotherm in two 
ways: 1) food samples that are either dried (desorption), hydrated (adsorption), or native 
(working) are placed in controlled humidity chambers at constant temperature and the 
weight is measured until equilibrium (e.g., saturated salt slurry method and humidity 
generating instruments) and 2) a series of samples with varied moisture contents are 
established by adding or removing moisture, and then, aw and water content are measured 
(e.g., fast isotherm method and non-equilibrium isotherm generating instruments).  
 
1.6.1 Saturated Salt Slurry Method 
 Saturated salt slurries are the standard method for obtaining specified relative 
humidity values in closed chambers for obtaining isotherms. This method uses a saturated 
salt slurry of a known relative humidity value to bring a material to equilibrium with its 
surrounding environment (Lewicki and Pomaranska-Lazuka 2003). A saturated salt slurry 
is a slushy mixture composed of water and a saturated aqueous salt solution with salt 
crystals in a glass or plastic sealed container (Bell and Labuza 2000).  Appendix A lists 
relative humidity values of saturated salt slurries at 25°C from various literature sources.  
 Saturated salt slurries are generally very useful since the three-phase systems 
(vapor-liquid-solid) are independent of changes in their total moisture content. They are 
suitable for maintaining a wide range of specific relative humidity values as long as the 
amount of salt present is at the saturation level (Rockland 1960).  Since temperature 
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affects the solubility of a saturated salt slurry, small temperature variations can cause 
significant changes in their equilibrium relative humidity values. However, at any 
specified temperature, the concentration of a saturated slurry is fixed and does not need to 
be re-determined.  
The researcher must be careful and cautious to reduce the variation while making 
a saturated salt slurry. The slurry should have excess crystals present to cover the entire 
bottom of the container.  It is important for there to be extra solute so the slurry remains 
saturated during the sorption measurement. The extra crystals can act as a “buffer” to 
dissolve into solution for adsorbing moisture when the aw of the material is higher than 
the relative humidity of the chamber, or precipitate crystals from the solution for 
providing moisture when the aw of the material is lower than the relative humidity of the 
chamber. The slurry should be made at or above the temperature at which the isotherm is 
to be carried out because the solubility of many salts increase significantly with 
temperature and the excess salt may not be sufficient (Labuza 1984). Appendix B lists 
additional information on how to make saturated salt slurries and how to use them to 
generate an isotherm. 
Since a given saturated salt slurry provides only one relative humidity at any 
desired temperature, different relative humidity values must be achieved by choosing a 
series of appropriate salts. Fontana (2007) suggests a minimum of five different relative 
humidity values to cover the desired isotherm range to establish an isotherm.  
 Desiccators are the standard containers used for obtaining moisture sorption 
isotherms. When a material is placed in a desiccator and the humidity within that 
desiccator is controlled by a saturated salt slurry at the bottom, the material either gains 
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or loses moisture to achieve equilibrium with the saturated salt slurry. When the aw of the 
saturated salt slurry is greater than the aw of the material, there is moisture migration into 
the material and weight gain occurs. When conditions are reversed and the aw of the 
material is higher than the saturated salt slurry, there is moisture migration out of the 
material and weight loss occurs. After a period of time, the moisture migration between 
the saturated salt slurry and the material will reach equilibrium and no additional weight 
change will be observed. The moisture content, calculated based on the final sample 
weight, is referred to as the equilibrium moisture content. When many samples of the 
same material are placed in desiccators at various humidity values, but at the same 
temperature and pressure, the series of equilibrated moisture content data points can be 
used to construct a water sorption isotherm for that particular material.  
 According to Christen (2000), the rates of equilibrium in the chambers depend on 
a number of factors. The driving forces are the difference in the chemical potential of the 
water between the sample and the surrounding air, the amount, shape, size, and type of 
the food sample, the area-to-volume ratio of the sample, area-of-sample-to-volume-of-
the-chamber ratio, and the pressure of the air inside the chamber.  
 
1.6.2 Advantages and Disadvantages of Saturated Salt Slurry Method 
 The saturated salt slurry method has the advantage of generating accurate and 
precise aw values as a function of temperature. This method also allows for many samples 
to be measured simultaneously at a relatively low cost. However, Levoguer and Williams 
(1997) identified four main issues with using saturated slurries in desiccators to conduct 
relative humidity studies: 1) lengthy period of time to achieve equilibrium, 2) difficulty 
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of obtaining accurate measurements due to the protocol of continuously removing the 
sample and exposing it to an environment which often has a different relative humidity 
and temperature, 3) the requirement of using large sample sizes to obtain measurement, 
and 4) the time-consuming, cumbersome steps required of the researcher to obtain weight 
measurements for the duration of the equilibration period. Also, identified by Lewicki 
and Pomaranska-Lazuka (2003), the chamber conditions are disrupted from the periodic 
opening to take measurements. The relative humidity changes inside desiccators as a 
function of sample removal were further studied by Bohn (2004). The relative humidity 
values inside the desiccator were monitored and plotted. Results show that when the 
desiccator was open to remove the samples, the relative humidity began to change to 
equilibrate with the outside environment relative humidity. The greater the difference 
between the relative humidity inside the desiccator and the relative humidity of the 
outside environment, the longer it took to reestablish equilibrium inside the desiccator 
each time it was opened (Bohn 2004).  
Since one of the major disadvantages of the desiccator method is that samples 
often require many weeks or months to reach equilibrium, Lang and others (1981) 
invented a mini-desiccator chamber, called a Proximity Equilibration Cell (PEC). The 
goal was to shorten the equilibration time by improving the area-of-sample-to-volume-of 
-chamber ratio. They were successful by increasing the ratio from 0.0335 for the 
desiccator to 0.3101 for the PEC. Results showed a 70% reduction in equilibration time 
(Lang and others 1981).   
 An additional problem that has been identified with using the saturated salt slurry 
method is growth of mold on samples at high relative humidity values during the long 
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equilibration times. Many studies have shown that the growth of molds on various 
materials is strongly related to relative humidity of their surroundings (Snow 1949, 
Beuchat 1983). Snow (1949) also found that for most molds, the latent period of spore 
germination is 1 to 3 days when they are exposed to relative humidity values of 90% or 
higher. Yu and others (2008) found mold growth on corn flakes in a desiccator of aw 
values higher than 0.8 in less than two weeks. In general, microbial growth required an aw 
of 0.6 or higher in order to grow, with most molds needing an aw above 0.7. Exposing 
samples to toluene vapor, irradiation, and mixing samples with a chemical mold inhibitor 
are methods of preventing mold growth during saturated salt slurry studies. A study was 
done by Yu and others (2008) that compared these three methods of mold inhibition in 
combination with two different chemical inhibitors: 1) 1% mixture of potassium sorbate 
and 2) 7% mixture of sodium acetate. However, it was found that irradiation altered some 
of the material properties and toluene vapor was adsorbed in the material which affected 
the isotherm performance. Sodium acetate only inhibited up to 0.90 aw and several 
material properties were altered due to the high concentration. The potassium sorbate was 
unsuccessful at inhibiting mold growth (Yu and others 2008). Rahman and Al-Belushi 
(2006) suggest thymol as another option for a mold inhibitor, but there is no guarantee of 
the chemical and physical stability during the equilibration time and thymol is known to 
be toxic. UV light is another method that can reduce mold growth. A study by Watanabe 
and others (2010) evaluated the effects of UV light on mold spores that were inoculated 
into mineral water. They found that UV light was less effective than heat treatment and in 
order for a definite effect, UV light must be combined with heat treatment. 
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Another way of reducing the equilibration time and subsequently mold growth, 
suggested by Laaksonen and others (2001), was using evacuation. It was thought that the 
time required to transfer water through the vapor phase may be reduced by using a 
vacuum.  Results showed that materials reached equilibrium after 4 to 7 days when using 
a vacuum compared to 2 to 3 weeks without a vacuum. It was also found that desiccators 
without a vacuum do not have a completely airtight seal. This allows moisture from the 
atmosphere to penetrate increasing the relative humidity at low aw values and decreasing 
the moisture content at high aw values (Laaksonen and others 2001). However, 
evacuation can present problems such as complication of the procedure and a possible 
loss of sample upon breaking the vacuum. Another issue with evacuation is that water in 
a vacuum boils at a significantly lower temperature, resulting in the possibility of the 
saturated salt slurry boiling (Lang and others 1981). 
 
1.6.3 Humidity Generating Instruments 
 The majority of the drawbacks associated with the saturated salt slurry method 
have been overcome by humidity generating instruments. These instruments have the 
ability to generate sorption isotherms in a relatively short period of time because they are 
based on a divided flow technology. The user selects a desired relative humidity or series 
of relative humidity values using a computer program. The relative humidity is 
automatically controlled by mass flow controllers, one for dry air and the other for water 
saturated air, by mixing them in the correct ratio to achieve the selected relative humidity. 
The sample is subjected to the desired relative humidity and the mass is measured 
gravimetrically. The weight change is measured by a highly sensitive and stable digital 
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microbalance. The instruments are programmed to automatically cycle between humidity 
levels, holding the humidity constant at each level until equilibrium is achieved 
(Mermelstein 2009). 
 Some of the commercialized humidity generating instruments mentioned by 
Mermelstein (2009) include: Dynamic Vapor Sorption (Surface Measurement Systems, 
London, UK), IGA-Sorp (Hiden Analytical, Warrington, England), VTI and Q5000SA 
(TA Instruments, Delaware, USA), Cisorp Water Sorption Analyzer (CI Electronics Ltd, 
Salisbury, UK), SPS Moisture Sorption Analyzers (Project Messtechnk, Ulm, Germany), 
and Hydrosorb
TM
 1000 Water Vapor Sorption Analyzer (Quantachrome Instruments, 
Boynton Beach, FL), and AquaSorp Isotherm Generator (Decagon Devices Inc., Pullman, 
WA). Many of these instruments use a strategy called dm/dt (percentage of change in 
mass as a function of time) to determine whether equilibrium has been reached. This 
dm/dt value is calculated based on the last several minutes of mass measurements. As 
dm/dt approaches 0, the sample mass is changing less and therefore approaching 
equilibrium moisture content (Yu 2007).  
 The Dynamic Vapor Sorption (DVS) instrument has been used in a number of 
research studies. Buckton and Darcy (1995) studied the water sorption properties of 
mixtures of spray dried amorphous lactose and crystalline α-lactose monohydrate. 
Mackin and others (2002) used the DVS technique to quantify the amount of amorphous 
material in pharmaceutical solids. Bohn and others (2005) coupled the DVS with a fast 
gas chromatography-flame ionization detection (DVS-fast GC-FID) to study the flavor 
release of an artificial cherry durarome upon humidification at various percent relative 
humidity values.  Yu and others (2008) investigated the moisture sorption behavior of 
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amorphous sucrose using the DVS instrument and found that moisture-induced 
crystallization onset time decreased as the %RH increased. Since the DVS was used in 
these studies and will be used as a comparison instrument in this study, a detailed 
description is given below. 
The first DVS instrument (DVS Advantage) was developed in 1994 by Surface 
Management Systems (London, UK). The instrument is a temperature controlled 
incubator composed of two sealed chambers, the reference chamber and the sample 
chamber. The relative humidity inside these chambers is controlled by proportionally 
mixing dry air or nitrogen with moisture saturated air. The three measures of relative 
humidity (RH) within the DVS include the target RH, probe RH, and mass flow RH. The 
target RH is the desired RH which is set by the user using a computer program. The 
probe RH is measured by the temperature/RH probe located in each chamber. The mass 
flow RH is the theoretical RH calculated from the wet and dry air flow: 
   
       
(               )
          Equation 1.6 
The heart of the DVS instrument is an ultra-sensitive microbalance, which records 
changes in sample mass over time as it adsorbs/desorbs moisture. Since the DVS requires 
very small sample sizes (~10mg), the time required to measure moisture sorption 
isotherms is reduced from weeks or months to hours or days (Yu 2007). The DVS 
Advantage also has a video microscope and has the capabilities of being used as a NIR or 
Raman probe.  
 The DVS Intrinsic is the latest gravimetric water sorption analyzer from Surface 
Measurement Systems (London, UK). It is a fully automated humidity generating 
instrument that is controlled from a computer program and utilizes the same principle as 
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the DVS Advantage. However, this instrument was specifically designed to meet the 
needs of small to mid-size laboratories and plants.  
There are a number of advantages of these humidity generating instruments over 
the traditional saturated salt slurry method. The equilibration time is about 10 to 100 
times faster than the standard method. The instruments are fully automated and use a 
computer interface which removes the labor intensive nature and required supervision of 
the salt slurries. The instruments maintain the relative humidity and temperature 
conditions of the material for the duration of the experiment. Due to the high precision 
and sensitivity, sample sizes can be small (Levoguer and Williams 1997). 
 
1.6.4 Comparison Between the Saturated Salt Slurry and the Humidity Generating 
Methods 
 A few research studies have been conducted to compare the standard salt slurry 
method and the humidity generating techniques, specifically the DVS. Teoh and others 
(2001) compared the DVS with the PEC method by obtaining water sorption isotherms of 
extruded cornmeal snacks. The results show that the DVS was able to generate isotherms 
that matched the PEC, decreasing the time from 22 days to 2-3 days. Unfortunately, the 
authors did not provide any statistical information comparing the methods.  
 A point to point data comparison between the desiccator method and the DVS at 
25°C was done by Arlabosse and others (2003). The three materials tested were 
microcrystalline cellulose (MCC), pharmaceutical granules made up of lactose, starch, 
and polyvinyl pyrolidone (PVP), and polyetherblockamide (PEBA) membrane. The 
equilibrium criterion (dm/dt) for the DVS instrument was 0.001%/min for a minimum of 
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20 minutes. Results reported from the saturated salt slurry method and DVS were 
consistent as long as the apparent diffusion coefficient of the material was high. When 
the apparent diffusion coefficient was low, the saturated salt slurry method had difficulty 
reaching thermodynamic equilibrium. The equilibrium for the highest water activity, 0.9, 
was reached after 7 days with the saturated salt slurry method, while the complete 
isotherm was obtained within 30 hours for the DVS. However, there were a few aspects 
of the study that were not well considered by the authors. First, the authors did not report 
the number of replicates used and therefore no standard deviations were provided. 
Second, the types of isotherms (desorption, adsorption, or working) used in the two 
methods were not specified. If the samples were used “as is”, the desiccator method 
measured working isotherms. However, based on the DVS settings described in the 
paper, the DVS measured the desorption isotherms. Lastly, the highest relative humidity 
they used in the DVS was 100%, but according to the DVS manual the humidity limit for 
the DVS is 95% (Surface Measurement Systems 2008).  
 More recently, Yu (2007) obtained isotherms of various food ingredients (dent 
corn starch, isolated soy protein, microcrystalline cellulose, crystalline sucrose, and corn 
flakes) using five methods: 2 types of DVS, desiccator, PEC, and the fast isotherm 
method (discussed more later). The author found very good agreement between all the 
methods except for the fast isotherm method.  
 The saturated salt slurry method and the humidity generating instruments are the 
two main types of methods used to obtain sorption isotherm measurements. However, the 
choice of one method over the other is not an easy decision. Many factors must be 
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considered such as DVS equilibrium criteria (dm/dt), equilibration time, diffusion 
coefficient, capital investment, and material structure and porosity (Li 2010).  
 
1.6.5 Dynamic Dewpoint Isotherms 
 Saturated salt slurries and humidity generating instruments are static (equilibrium) 
methods used to determine sorption isotherms. Dynamic methods are also used to 
generate sorption isotherms, but the difference is that these methods do not require the 
sample to be at equilibrium. The sample is subjected to predetermined conditions of 
relative humidity at a fixed temperature, then the weight change, and in some cases the 
aw, is measured before equilibrium is reached. 
 One dynamic method is the fast isotherm method which involves measuring 
sample mass and water activity at the same time to create a moisture sorption isotherm. 
Samples that will adsorb moisture are placed in a desiccator over water or moistened with 
water, while samples that will desorb moisture are placed over desiccant to remove 
moisture. Samples are taken out of the desiccator at predetermined intervals to measure 
the sample mass and water activity. Since the initial sample weight and initial moisture 
content are known, sample moisture content can be calculated from the weight change. 
This method is acceptable as long as the water activity meter is properly calibrated and is 
sensitive enough for the whole aw range (Bell and Labuza 2000). However, the concern 
with this method is that the samples are not at true equilibrium (Yu 2007).  
Burnett and others (2004) developed a ramping method using the DVS 
instrument. Ramping exposes a sample to a linearly increasing relative humidity at a 
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specified ramping rate. The weight is measured using the SMS Ultrabalance and can then 
be converted to moisture content. 
 The AquaSorp Isotherm Generator (Decagon Devices Inc., Pullman, WA) is an 
automated dynamic water vapor sorption instrument. This instrument uses the Dynamic 
Dewpoint Isotherm (DDI) method for obtaining isotherms. This method does not control 
the %RH of the gas stream that is in contact with the sample. Instead, adsorption is 
accomplished by saturating the air with water before it enters the sample chamber, while 
desorption is achieved by passing the air through desiccant before entering the sample 
chamber. Either adsorption or desorption occurs depending on the user-selected final aw 
(0.03-0.95). Both occur at a user-selected flow rate ranging from 10 to 1000 ml/min. 
After a small change in aw (approximately 0.015), airflow is halted and a snapshot of the 
sorption process is obtained by directly measuring the sample aw  using a chilled mirror 
dewpoint sensor and weight using a magnetic force balance, which is then converted to 
moisture content (Schmidt and Lee 2011).  
 
1.6.6 Comparison Between Static and Dynamic Isotherm Methods 
Dynamic methods generate numerous data points and are faster than static 
methods since they do not require the sample to equilibrate to a known humidity value. 
This provides higher resolution data in a faster time. However, these isotherms may be 
different than ones produced using static methods since the sample does not equilibrate to 
the environment. Whether the resultant DDIs are similar to the static method depends on 
the nature of the sample, the water vapor diffusion rates into or out of the material, and 
the presence of any physical changes that may occur in the material. According to the 
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AquaSorp Manual (2007), samples with fast vapor diffusion rates are comparable to other 
methods due to rapid penetration of water vapor. Samples with slow vapor diffusion rates 
have a tendency to report lower moisture contents during adsorption and higher moisture 
contents during desorption compared to isotherms generated using equilibrium methods. 
This is because the moisture has not had time to be completely adsorbed by the sample or 
desorbed from the sample. For slow diffusion materials, it is helpful to use small sample 
sizes and lower the wet or dry air flow rate to allow more moisture penetration. The 
difference in isotherms generated from the static method compared to the dynamic 
method has been tested in a few studies. 
Shands and Labuza (2009) studied the isotherm differences among the Dewpoint 
Isotherm method, dynamic gravimetric method (DVS), and the static gravimetric method 
(saturated salt slurries) by selecting a variety of samples to represent isotherm types I, II, 
and III. They found that the Dewpoint method generated an isotherm comparable to 
traditional methods for type I and type III materials such as anticaking agents, salts, and 
sugars. Their results for type II materials, such as corn flakes, was similar to the findings 
of Schmidt and Lee (2011) in which type II materials generated isotherms with lower 
moisture content in the mid to low water activity region compared to the static 
gravimetric method. Schmidt and Lee (2011) compared the Dynamic Dewpoint isotherms 
to saturated salt slurry isotherms for five materials: dent corn starch, isolated soy protein, 
microcrystalline cellulose, crystalline sucrose, and corn flakes. Their results agreed with 
Shands and Labuza (2009) and determined that corn flakes resembled a type III isotherm 
rather than a type II isotherm. The reason that corn flakes generated a low moisture 
content between 0.4 and 0.7 aw using the DDI method was attributed to the slow diffusion 
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of water into the very dense laminated corn flake matrix. Grinding the corn flakes 
increased the surface area available for sorption and decreased the distance for diffusion, 
which turned out to be more comparable to the isotherms generated from the equilibrium  
methods (saturated salt slurries and DVS instrument) (Shands and Labuza 2009).  
Although the saturated salt slurry method, humidity generating method, and the 
dynamic dewpoint method all generate isotherms, the DDI method is fundamentally 
different due to its dynamic nature.  Since sometimes the DDI method does not produce 
true equilibrium moisture contents, it is best to consider the DDI method as different and 
unique. Different isotherms are generated because they are measuring material in 
different physical states. The dynamic nature of the DDI method can illustrate a more 
accurate sorption characteristic of materials in real conditions since samples are rarely 
exposed to changes in moisture in a stepwise progression. The DDI method provides the 
opportunity for real-time investigation of the glass transition, recrystallization, hydrate 
formation, and deliquescence (Schmidt and Lee 2011). The DDI method also allows for 
rapid generation of a large data set that provides high resolution to eliminate any need for 
extrapolation or interpolation (Carter and Fontana 2008). 
 
1.6.7 Vapor Sorption Analyzer 
Recently a new instrument was introduced, the Vapor Sorption Analyzer 
(Decagon Devices Inc., Pullman, WA), which is an automatic moisture sorption isotherm 
generator that can generate both dynamic and equilibrium moisture sorption isotherms. It 
is currently the only instrument that is able to use both methods to create isotherms. The 
Vapor Sorption Analyzer (VSA) uses the DDI method to produce dynamic isotherms and 
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a controlled humidity and balance system, similar to the DVS, to produce equilibrium 
isotherms. It also has an integrated pump system that eliminates the need for an external 
gas cylinder which is required for the DVS instrument (VSA Manual 2011). 
Since the VSA is able to generate dynamic and equilibrium isotherms, the 
instrument is able to provide the uniqueness and benefits of each method. There is some 
information that can only be obtained from one of the methods that the other one is 
unable to provide. For example, the high resolution of the DDI method helps in observing 
sudden changes in sorption properties associated with matrix changes, such as the glass 
transition. It is not possible to determine critical water activities for glass transition using 
the equilibrium method (Bell and Labuza 2000). Similarly, an isotherm with accurate 
moisture contents can only be obtained using the equilibrium method. Therefore, it is 
often necessary to generate both types of isotherms since that provides the most 
information about the moisture characteristics of a material (VSA Manual 2011).  
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1.7 Figures and Tables 
 
Figure 1.1. Generalized moisture sorption isotherm, divided into three regions (Bastias 
2006). 
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Figure 1.2. The IUPAC classification for adsorption isotherms (Carmody and others 
2007). 
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Figure 1.3. Adsorption and desorption isotherms (Shamiryan 2012). 
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CHAPTER 2: COMPARISON OF THE NEW VAPOR SORPTION  
ANALYZER TO THE TRADITIONAL SATURATED SALT SLURRY  
METHOD AND THE DYNAMIC VAPOR SORPTION INSTRUMENT 
2.1 Introduction 
 One of the most useful aspects of the water activity (aw) concept for food systems 
and ingredients is the relationship of moisture content as a function of relative humidity 
at the same temperature. Foods have a characteristic relationship between the moisture 
content and water activity value depending on the interaction between the water and food 
solids. Therefore, each food material has its own unique moisture sorption isotherm (Bell 
and Labuza 2000). The isotherm describes the amount of water sorbed (adsorption or 
desorption) at equilibrium by a material at a known aw at a constant temperature. 
Sorption isotherms are useful for a variety of processing and product stability 
applications. These applications include moisture transfer prediction, new product 
development, determination of product stability and shelf life, microbial concerns, 
packaging considerations, and process design and control (Damodaran 2008).  
There are two main methods used to obtain equilibrium moisture sorption 
isotherms: the standard saturated salt slurry method and the humidity generating 
instrumental method. The standard saturated salt slurry is composed of a slurry mixture 
of water and a chemically pure salt in a closed chamber, such as a desiccator, to generate 
various relative humidity environments (Bell and Labuza 2000). Temperature affects the 
solubility of saturated salt slurries and therefore aw is a function of temperature. The 
slurry should have excess crystals so the slurry will remain saturated as the material 
adsorbs or desorbs moisture. The saturated salt slurry method is a popular method of 
humidity control because it is inexpensive and the ease to use. Since a given saturated salt 
33 
 
slurry provides only one relative humidity at any desired temperature, different relative 
humidity values must be achieved by choosing a series of appropriate salts (Fontana 
2007). 
Desiccators are the standard containers used for obtaining moisture sorption 
isotherms. When a food material is placed in a desiccator and the humidity within that 
desiccator is controlled by a saturated salt slurry at the bottom, the food sample either 
gains or loses weight due to moisture migration to achieve equilibrium with the aw of the 
saturated salt slurry. After a period of time, the moisture migration between the saturated 
salt slurry and the sample will reach equilibrium and no additional weight change will be 
observed. The moisture content, calculated based on the final sample weight, is referred 
to as the equilibrium moisture content. The equilibrium moisture content has a 
characteristic level for each aw value. When many samples of the same food material are 
placed in desiccators at various humidity values, but at the same temperature and 
pressure, the series of equilibrated moisture content data points can be used to construct a 
water sorption isotherm for that particular material (Bell and Labuza 2000). 
 According to Christen (2000), the rates of equilibrium in the chambers depend on 
a number of factors. The driving forces are the difference in the chemical potential of the 
water between the sample and the surrounding air, the amount, shape, size, and type of 
the food sample, the area-to-volume ratio of the sample, area-of-sample-to-volume-of-
the-chamber ratio, and the pressure of the air inside the chamber.  
Disadvantages identified by Levoguer and Williams (1997) of employing the 
saturated salt slurry method include: 1) lengthy period of time to achieve equilibrium, 2) 
difficulty of obtaining accurate measurements due to the protocol of continuously 
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removing the sample and exposing it to an environment which often has a different 
relative humidity and temperature, 3) the requirement of using large sample sizes to 
obtain measurement, and 4) the time-consuming, cumbersome steps required of the 
researcher to obtain weight measurements for the duration of the equilibration period. 
Since one of the major disadvantages of the desiccator method is that samples often 
require many weeks or months to reach equilibrium, Lang and others (1981) invented a 
mini-desiccator chamber, called a Proximity Equilibration Cell (PEC). The goal was to 
shorten the equilibration time by improving the area-of-sample-to-volume-of-chamber 
ratio. Lang and others (1981) were able to reduce the equilibration time of the desiccator 
by 70% using the PEC.  
 Another major drawback of the saturated salt slurry method is the growth of mold 
on samples at high relative humidity values during the long equilibration times. Yu and 
others (2008) performed a mold growth inhibition study during isotherm attainment using 
four methods: exposing samples to toluene vapor, irradiation, and mixing samples with a 
either a 1% mixture of potassium sorbate or a 7% mixture of sodium acetate. However, it 
was found that irradiation altered some of the material properties and toluene vapor was 
adsorbed by the material which affected the isotherm performance. Sodium acetate only 
inhibited mold up to 0.90 aw and several material properties were altered due to the high 
concentration required; and potassium sorbate was unsuccessful at inhibiting mold 
growth. Rahman and Al-Belushi (2006) used thymol as another chemical mold inhibitor 
option, but mentioned that there is no guarantee of the thymol chemical and physical 
stability during the sample equilibration time. They also mentioned that care should be 
taken when using thymol and toluene because of possible toxicity issues due to inhalation 
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of these chemicals from the desiccator chamber during sample preparation and weight 
measurements. Laaksonen and others (2001) used evacuation to eliminate mold growth. 
Results showed that materials reached equilibrium sooner when evacuation was used and 
desiccators without a vacuum may not be completely sealed. However, evacuation can 
present problems such as complication of the procedure and a possible loss of sample 
upon breaking the vacuum. Another issue with evacuation is that water in a vacuum boils 
at a significantly lower temperature, resulting in the possibility of the saturated salt slurry 
boiling (Lang and others 1981). A study by Watanabe and others (2010) evaluated the 
effects of UV light on mold spores that were inoculated into mineral water. They found 
that UV light was less effective than heat treatment and in order for a definite effect; UV 
light must be combined with heat treatment. 
The drawbacks associated with the saturated salt slurry method have mostly been 
overcome by the introduction of humidity generating instruments. These instruments 
have an ultra-sensitive microbalance, are controlled by a computer program to select 
nearly any desired relative humidity or series of relative humidity values, and use flow 
controllers to generate specific relative humidity values using a mixture of dry air or 
nitrogen and moisture saturated air or nitrogen. This technique produces isotherms in a 
shorter time period and minimizes sample handling by the researcher. The instruments 
have precise control of both the relative humidity and temperature. Commercially 
available instruments include the Dynamic Vapor Sorption (DVS) instruments from 
Surface Measurement Systems Ltd, the IGAsorp from Hiden Analytical, and the 
AquaSorp from Decagon Devices (Mermelstein 2009).  A number of these instruments 
use a strategy called dm/dt (percentage of change in mass as a function of time) to 
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determine whether equilibrium has been achieved at a given aw value. This dm/dt value is 
calculated based on the last several minutes of mass measurements. When dm/dt 
approaches 0, the sample mass changes less and therefore is approaching the equilibrium 
moisture content (Yu 2007). 
 There have been a number of studies to verify the accuracy of humidity 
generating instruments, most often using the DVS instrument in comparison to the 
standard salt slurry method. Teoh and others (2001) investigated water sorption isotherms 
of extruded cornmeal snacks from the salt slurry and DVS methods, while Arabosse and 
others (2003) observed the behavior of pharmaceutical materials using these two 
methods. Yu (2007) carried out a more comprehensive comparison by obtaining 
isotherms of various food materials (dent corn starch, isolated soy protein, 
microcrystalline cellulose, crystalline sucrose, and corn flakes) using five methods: two 
DVS instruments (1000 and 2000, Surface Measurement Systems, London, UK), 
desiccator, PEC, and the fast isotherm method. Results show that these humidity 
generating instruments (DVS as the representative instrument) produce similar isotherms 
as the standard saturated salt slurry method.  
The saturated salt slurry method and humidity generating instruments are static 
(equilibrium) methods used to determine sorption isotherms. Dynamic (non-equilibrium) 
methods are also used to generate sorption isotherms, but the difference is that these 
methods do not require the sample to be at equilibrium. Dynamic isotherms can be 
generated by the fast isotherm method, by using an instrument that was created for this 
purpose, such as the AquaSorp Isotherm Generator (Decagon Devices Inc., Pullman, 
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WA), or by ramping the relative humidity using the DVS instrument (Li and Schmidt 
2011).  
 The fast isotherm method involves measuring water activity and sample mass at 
the same time to create a moisture sorption isotherm. Samples that will adsorb moisture 
are placed in a desiccator over water or moistened with water, while samples that will 
desorb moisture are placed over desiccant to remove moisture. Samples are taken out of 
the desiccator at predetermined time intervals to measure the sample mass and water 
activity. Since the initial sample weight and initial moisture content are known, moisture 
content of samples can be calculated from the change in weight. This method is 
acceptable as long as the water activity meter is properly calibrated and is sensitive 
enough for the whole aw range (Bell and Labuza 2000). However, the concern with this 
method is that the samples are not at true equilibrium (Yu 2007).  
Burnett and others (2004) developed a ramping method using the DVS 
instrument. Ramping exposes a sample to a linearly increasing relative humidity at a 
specified ramping rate. The weight is measured using the SMS Ultrabalance and can then 
be converted to moisture content. The aw of the sample is assumed to be the same as the 
relative humidity (divided by 100) of the ramping air. 
 The AquaSorp Isotherm Generator is an automated dynamic water vapor sorption 
instrument. This instrument uses the Dynamic Dewpoint Isotherm (DDI) method for 
obtaining isotherms. Aw is measured using a chilled mirror dewpoint sensor and sample 
weight is tracked gravimetrically using a magnetic force balance. Either moisture 
saturated air (adsorption) or dry air (desorption) is passed over the sample contained in 
the sample chamber depending on the final aw (0.03 to 0.95) at a flow rate (10 to 1000 
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ml/min) that are both selected by the user. After a small change in aw (approximately 
0.015), airflow is halted and a snapshot of the sorption process is obtained by directly 
measuring the sample aw by the chilled-mirror dewpoint sensor and weight by the 
magnetic force balance, which is then converted to moisture content (Schmidt and Lee 
2011).  
Dynamic methods generate numerous data points and are faster than static 
methods, since they do not require the sample to equilibrate to a known humidity value. 
Dynamic methods provide higher resolution data in a faster time. The difference between 
isotherms generated from the static method compared to the dynamic method has been 
tested in a few studies. Shands and Labuza (2009) studied the isotherm differences 
among the Dynamic Dewpoint Isotherm (DDI) method, dynamic gravimetric method 
(DVS), and the static gravimetric method (saturated salt slurries) by selecting a variety of 
samples to represent isotherm types I, II, and III. They found that the DDI method 
generated an isotherm comparable to traditional methods for type I and type III materials, 
such as anticaking agents, salts, and sugars. Schmidt and Lee (2011) compared the DDIs 
to saturated salt slurry isotherms for five materials: dent corn starch, isolated soy protein, 
microcrystalline cellulose, crystalline sucrose, and corn flakes. Their results showed that 
the DDI method exhibited similar sorption behavior to the saturated salt slurry isotherms, 
except for corn flakes, which resembled a type III isotherm. The DDI for corn flakes 
exhibited a low moisture content compared to the saturated salt slurry isotherm between 
0.4 and 0.7 aw. The difference in the isotherms was attributed to the slow diffusion of 
water into the very dense laminated corn flake matrix. Grinding the corn flakes increased 
the surface area available for sorption and decreased the distance for diffusion, which 
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turned out to be more comparable to the isotherms generated using other methods 
(Shands and Labuza 2009).  
Overall, dynamic and static methods produce similar isotherms and any 
differences can be attributed to the nature of the sample, the water vapor diffusion rates 
into or out of the material, and the presence of any physical changes that may occur in the 
material (Schmidt and Lee 2011). According to the AquaSorp Manual (2007), samples 
exposed to a dynamic method that have fast vapor diffusion rates are comparable to static 
methods due to rapid penetration of water vapor. Samples exposed to a dynamic method 
that have slow vapor diffusion rates have a tendency to report lower moisture contents 
during adsorption and higher moisture contents during desorption compared to static 
isotherms, since there was not enough time for the sample to complete the adsorption or 
desorption process.  
Since sometimes the DDI method does not produce true equilibrium moisture 
contents, it is best to consider the DDI method as different and unique. Different 
isotherms are generated because they are measuring material in different physical states 
(Schmidt and Lee 2011). The dynamic nature of the DDI method can illustrate a more 
accurate sorption characteristic of materials in real time conditions, since samples are 
rarely exposed to changes in moisture content in a stepwise progression. The DDI method 
also allows for rapid generation of a large data set that provides high resolution to 
eliminate any need for extrapolation or interpolation (Carter and Fontana 2008). 
All of the methods mentioned previously either generate an equilibrium (static) or 
non-equilibrium (dynamic) isotherm. However, recently a new instrument called the 
Vapor Sorption Analyzer (Decagon Devices Inc., Pullman, WA) was introduced. This 
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instrument is also an automatic moisture sorption isotherm generator, but has the 
additional benefit of producing both equilibrium and non-equilibrium isotherms and is 
currently the only instrument designed for producing both types of isotherms. This single 
instrument is able to provide the unique benefits of each method. Only non-equilibrium 
isotherms display sudden changes in sorption properties associated with matrix changes, 
such as the glass transition, while only equilibrium isotherms provide accurate moisture 
contents. In order to obtain the most information about the moisture characteristics of a 
material, it is often necessary to consider both types of isotherms. Since the Vapor 
Sorption Analyzer (VSA) still overcomes most of the drawbacks of the saturated salt 
slurries and also has the capability of generating both types of isotherms, it would be 
beneficial to make use of this new instrument. However, no research has been published 
that investigates the accuracy of the VSA by comparing it to the standard saturated salt 
slurry method or other humidity generating instruments. 
 The key objective of this research is to validate the new VSA instrument in terms 
of accuracy by comparing the equilibrium isotherms generated to the standard saturated 
salt slurry and the DVS (representing humidity generating instruments) methods.   
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2.2 Materials and Methods 
Materials 
  Five materials were selected for use in this study: microcrystalline cellulose, 
isolated soy protein, pregelatinized waxy corn starch, corn flakes and crystalline sucrose. 
Pregelatinized waxy corn starch was used instead of native (raw) dent starch because 
previous studies using raw dent corn starch resulted in a mid-isotherm dip in some 
samples, suggesting some type of time dependent physical change in the material, 
perhaps due to its complex granular structure. Schmidt and Lee (2011) suggested using 
pregelatinized corn starch as a better option, since it contains no granular structure or 
crystalline regions. Company information and material details are found in Table 2.1. 
Microcrystalline cellulose was used “as is” with an average particle size of 50 µm, as 
provided by the manufacturer. Corn Flakes were ground using a mortar and pestle to a 
particle size diameter ranging from 0.4 cm to 1.0 cm. The remaining materials were used 
“as is” and the particle size was measured using USA standard testing sieves. Soy protein 
isolate had a particle size where 90% of the material is smaller than 150 µm. 
Pregelatinized corn starch had at least 80% of the particles smaller than 300 µm, but 
more than 70% larger than 75 µm. Crystalline sucrose had a particle size where 98.2% of 
the sucrose was greater than 425 µm and all particles were greater than 300 µm (Schmidt 
and Lee 2011). These particle sizes were consistent throughout the experiment, for both 
water activity and isotherm measurements. 
Samples were stored securely in their original containers at room temperature and 
ambient relative humidity conditions. Water activity values of the material were 
measured in triplicate using the AquaLab 4TE water activity meter (Decagon Devices 
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Inc., Pullman, WA) at 25°C.  Moisture content of the microcrystalline cellulose, isolated 
soy protein, pregelatinized corn starch, and corn flakes were determined in triplicate 
using a vacuum oven (30 inch vacuum mercury) at 60°C for 24 hours. The moisture 
content of crystalline sucrose was determined using Karl Fischer titration (Yu 2007). 
Each material yields a different equilibrium moisture content range and therefore the y-
axis of the respective isotherms were scaled accordingly.  
 
Methods 
 Three equilibrium isotherm methods were used in this study: the saturated salt 
slurry method and the Dynamic Vapor Sorption method using two different instruments, 
the DVS Intrinsic (Surface Management Systems, London, UK) and the Vapor Sorption 
Analyzer (VSA) (Decagon Devices Inc., Pullman, WA). Forthwith, the methods will be 
referred by their instrument name. A detailed description of the procedure for each 
method is given below.  
 
Saturated Salt Slurry Method 
 The saturated salt slurry method uses saturated salt slurries inside a sealable 
container to control relative humidity values. Airtight and water proof plastic containers 
commercially known as “Lock & Lock” containers (Heritage Mint Ltd, Scottsdale, AZ), 
shown in Figure 2.1, were used in this study. In order to cover the entire relative humidity 
range, eleven salts were chosen and their corresponding relative humidity values at 25°C 
are listed in Table 2.2. Saturated salt slurries are prepared by adding roughly one and a 
half times the soluble amount of ACS grade salt into distilled deionized water. Yu (2007) 
gives the concentration (g solute/100 ml H20) of a number of saturated salt solutions at 
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25°C. The slurry is heated to approximately 50°C and stirred on a stir plate using a 
magnetic stir bar for two hours, and then cooled to room temperature. When the slurry is 
added into the container, the salt crystals should cover the bottom of the container, but 
not protrude above the top of the liquid saturated salt slurry layer. This is important so 
that when the sample absorbs moisture from the salt slurry and more salt comes out of the 
slurry, the liquid layer is not depleted and maintains its specified relative humidity value. 
The extra salt crystals at the bottom of each container are critical for accurate control of 
relative humidity. This is because when the salt slurry absorbs moisture from a sample 
the extra salt crystals can be dissolved in the absorbed water to maintain the saturated 
concentration of the salt slurry and, thus, the specified relative humidity value. 
 The saturated salt slurry method is considered the standard method for generating 
isotherms and will be used as a comparison for the DVS and VSA instruments. However, 
the saturated salt slurry method does have some limitations and disadvantages such as 
mold growth at high aw values and concerns using amorphous samples. 
 
Procedures for Saturated Salt Slurry Method 
1. Saturated salt slurries are made by mixing more than the soluble amount of salt 
with distilled water so that the accurate corresponding relative humidity can be 
reached and maintained. Details of making the saturated salt slurries can be found 
in Appendix B.  
2. After the 11 saturated salt slurries are made, the Lock & Lock containers are 
prepared by placing the saturated salt slurry on the bottom and a pressure guard 
stand (table that comes in pizza boxes) to raise the sample above the slurry. One 
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Lock & Lock container is used for each relative humidity. Duplicate samples 
were used for each sample at each relative humidity value. An example of the 
container used in this study is shown in Figure 2.1. 
3. 1-2 gram samples (~1.13 ± 0.2 grams in this experiment) were each weighed in a 
disposable plastic sample holder (Decagon Devices Inc, Pullman, WA). Samples 
were weighed to the nearest 0.0001 g and placed on the stand inside the Lock & 
Lock container. 
4. After securing the lids with a tight seal, the containers were placed at 25°C in an 
Equatherm Incubator (Curtin Matheson Scientific Inc., Houston, TX).  
5. Samples were weighed at 7-day intervals until the weight of each sample changed 
less than 2mg/g dry weight for two consecutive weeks (Bell and Labuza 2000) to 
ensure equilibrium has been reached. 
6. The equilibrium moisture content (EMC) on the wet basis was calculated using 
the initial weight (Wi), the initial moisture content (M), and the final weight (Wf). 
EMC= [(Wf-Wi)+Wi*M]/Wf. Each replicate was calculated individually for the 
equilibrium moisture content. 
7. The duplicate EMC values were averaged and plotted against the relative 
humidity to construct an isotherm of that material.  
 
Procedures for DVS Method 
1. Before use, the quartz round bottomed sample pans were cleaned using distilled 
and deionized water and ethanol. The pans were then allowed to air dry over 
night. 
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2. In order to remove any static and humidity on the pan the flow rate should be 
200scc with the target RH set at 95% for 30 minutes. Then, the target RH should 
be set to 0% for another 30 minutes to fully dry the sample pan. 
3. Set the RH at the desired initial water activity value in order to equilibrate the 
sample pan. Once the balance is stable (dm/dt < 0.005), tare the balance.  
4. Load the method file or set up a new method file. Since working isotherms were 
obtained in this study, both an adsorption and a desorption run were needed for all 
samples. Eleven target relative humidity values were used in the two runs: 6.4%, 
11.3%, 22.5%, 32.8%, 43.2%, 57.6%, 68.9%, 75.3%, 84.3%, 90.3%, and 93.6%, 
which were set according to the eleven saturated salt slurries used in the SSS 
method. The adsorption run started at the closest RH value that was higher than 
the “as is” sample aw. The RH was then increased in a stepwise method to each of 
the target RH values higher than the “as is” sample aw. The desorption run started 
at the closest RH value that was lower than the “as is” sample aw. The RH was 
then decreased to all the target RH values lower than the “as is” sample aw. The 
dry nitrogen flow rate used was 200scc and the dm/dt was set at 0.0015%/minute. 
The minimum stage time (minimum experiment time at each relative humidity) 
was 10 minutes and the maximum stage time (maximum experiment time at each 
relative humidity) was 2000 minutes. All experiments run were carried at 25°C. 
5. The sample pan is removed and the sample is added to the pan using an analytical 
balance to achieve a sample size of 10 to 20 mg (~12.2 ± 1.6 mg for this 
experiment). Tap the sample pan lightly to even out the sample on the pan. The 
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sample should never be loaded directly onto the DVS because adding too much 
weight may damage the DVS microbalance.  
6. Place the pan with the sample back into the DVS. Wait until the balance stops 
fluctuating (dm/dt < 0.01), which may take 5 to 10 minutes, and set the sample 
weight. Then start the experiment and wait for it to be finished.  
 
Procedures for VSA Method 
1. Calibrate the weight and aw on the VSA following the instructions given in the 
VSA instruction manual. The calibration option is found under the Diagnostics 
tab on the instrument. 
2. Select the test wizard on the computer screen. Check that the desiccant tubes are 
active (contains blue desiccant) and the water chamber is full. 
3. Load the method file or set up a new method file. Similar to the DVS method, 
both an adsorption and a desorption run were needed for all samples to generate a 
working isotherm. The same eleven relative humidity values were used in the two 
runs: 6.4%, 11.3%, 22.5%, 32.8%, 43.2%, 57.6%, 68.9%, 75.3%, 84.3%, 90.3%, 
and 93.6%. The first adsorption stage started at the closest RH value that was 
higher than the “as is” sample aw. After completing the first stage, the RH is 
increased in a stepwise method to each target RH higher than the “as is” sample 
aw. The first desorption stage started at the closest RH value that was lower than 
the “as is” sample aw. After completing the first stage, the RH is decreased in a 
stepwise method to each target RH lower than the “as is” sample aw. The VSA has 
two modes, for this experiment the DVS mode should be selected at a temperature 
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of 25°C. The step value is not of importance for this particular experiment and 
can be set at any number between 0.003 and 1.0 since it cannot be left blank. The 
trigger (%dm/dt) is set at 0.0012%/hour with 1 reading, meaning once there is 1 
reading that meets the 0.0012%/hour criteria, the stage has reached equilibrium 
and the instrument moves on to the next stage. The trigger can be set anywhere 
from 0.001 to 1%/hour and the number of events can range from 1 to 10. Both 
time out (maximum time allotted for each aw step) and loop (isotherm 
automatically returns to the starting aw) are set to off.  
4. Once all the stages are set up, press next. Follow the instructions provided on the 
instrument screen to place an empty stainless steel cup in the chamber and seal it. 
This tares the sample cup. 
5. Follow the message on the screen to place the sample in the cup and seal the 
chamber to obtain the sample weight. The sample should be at least 0.5 grams 
(500 mg) for good readings based on the balance sensitivity. The stainless steel 
cup should not be overflowing to where material falls out to contaminate the 
chamber. The test automatically starts at this point.  
 
2.3 Statistical Analysis 
 Isotherm data of microcrystalline cellulose, isolated soy protein, pregelatinized 
corn starch, corn flakes, and crystalline sucrose using the three methods were analyzed 
using a mixed model ANOVA. Pairwise tests were performed in order to determine 
whether or not there was a statistical difference in the mean moisture content between the 
different methods at each aw. The dependent variable was moisture content expressed on 
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the wet basis. To account for all multiple test comparisons, the p-value was corrected 
using the Scheffe method. p-values below 0.05 were considered to be significant.  
 The mixed model was used in order to account for the individual sample effects 
that could occur from reusing samples multiple times for different aw levels. For example, 
the DVS and VSA instruments use one sample for adsorption for all the aw values above 
the “as is” value and one sample for desorption for all the aw values below the “as is” 
value. This means that there may be a sample specific effect transferred throughout all 
the measurements involving the sample. The SSS method is different because the SSS 
method uses independent samples, where each sample is only exposed to one aw value. 
The specific mix model used was: 
                                         Equation 2.1 
where   is the random sample effect and         is the random noise. Both of these variables 
assume a normal distribution with mean ( ) equal to 0 and variance   . The main effects 
(aw and model) are eliminated and only the interaction term (          ) is included in 
the mean of       . With the main effects included in the model, analysis determines 
differences in the mean shift of one method away from the overall mean moisture content 
compared to the mean shift of another method away from the overall mean moisture 
content. The parameterization of the model using only the interaction term allows a 
distinct mean for each method and for each aw level. The pairwise comparison tests will 
then determine whether or not, within each aw level, the means corresponding to different 
methods are statistically different.  
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2.4 Results and Discussion 
 The initial “as is” moisture content (wet basis) and water activity values of the 
five materials are given in Table 2.3. The “as is” moisture contents were used to calculate 
the equilibrium moisture contents (EMC) at each specified relative humidity. The VSA 
and DVS methods used the same aw values as the eleven saturated salt solutions used in 
the SSS method. The “as is” sample water activity values were used to obtain working 
isotherms in the DVS and VSA methods, similar to the working isotherm generated by 
using “as is” samples in the SSS method. In both the DVS and VSA methods, a working 
isotherm was obtained through two separate runs, the adsorption run from the initial “as 
is” sample water activity up to 0.936, and the desorption run from the initial “as is” 
sample water activity down to 0.064. Two replicates of each material (microcrystalline 
cellulose, soy protein isolate, pregelatinized corn starch, corn flakes, and crystalline 
sucrose) were done for all three methods. The individual data points for each replicate are 
given in Appendix E. The average standard deviation across all methods associated with 
each material is given in Table 2.4. The equilibrium moisture content range varies 
between materials so the y-axis was scaled according to the specific material. 
 
Microcrystalline Cellulose 
The microcrystalline cellulose isotherms at 25°C using the SSS, VSA, and DVS 
methods are shown in Figure 2.2. The microcrystalline cellulose exhibits the typical type 
II isotherm shape. All values above 0.369 aw (“as is” value) were from the adsorption 
curve and all values below were from the desorption curve for the VSA and DVS. Visible 
mold developed at 0.936 aw in the SSS method, so this data point is not shown in Figure 
2.2 nor used for statistical analysis. The results of the statistical analysis are given in 
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Table 2.5. All p-values (wet basis moisture contents) were greater than 0.05, indicating 
that there was no difference found among the EMC of each method at the aw values 
tested. Therefore, it can be concluded that there is no significant difference among the 
three methods, SSS, VSA, and DVS for the microcrystalline cellulose isotherm 
measurements. The results of this research agree with the results from Yu (2007) where 
there was no difference between the SSS and DVS methods for microcrystalline 
cellulose.  
 
Soy Protein Isolate 
The soy protein isolate isotherms at 25°C using the SSS, VSA, and DVS methods 
are shown in Figure 2.3. The soy protein isolate exhibits the typical type II isotherm 
shape. All values above 0.226 aw (“as is” value) were from the adsorption curve and all 
values below were from the desorption curve for the VSA and DVS. Visible mold 
developed at high aw values (0.903 and 0.936) in the SSS method, so these data points are 
not shown in Figure 2.3 nor used for statistical analysis. The results of the statistical 
analysis are given in Table 2.6. All p-values (wet basis moisture contents) were greater 
than 0.05, indicating that there was no difference found among the EMC of each method 
at the aw values tested. Therefore, it can be concluded that there is no significant 
difference among the three methods, SSS, VSA, and DVS for the soy protein isolate 
isotherm measurements. The results of this research agree with the results from Yu 
(2007) where there was no difference between the SSS and DVS methods for soy protein 
isolate. 
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Pregelatinized Corn Starch 
The pregelatinized corn starch isotherms at 25°C using the SSS, VSA, and DVS 
methods are shown in Figure 2.4. The pregelatinized corn starch exhibits the typical type 
II isotherm shape. All values above 0.215 aw (“as is” value) were from the adsorption 
curve and all values below were from the desorption curve for the VSA and DVS. Visible 
mold developed at high aw values (0.903 and 0.936) in the SSS method, so these data 
points are not shown in Figure 2.4 nor used for statistical analysis. The results of the 
statistical analysis are given in Table 2.7. All p-values (wet basis moisture contents) were 
greater than 0.05, indicating that there was no difference found among the EMC of each 
method at the aw values tested. Therefore, it can be concluded that there is no significant 
difference among the three methods, SSS, VSA, and DVS for the pregelatinized corn 
starch isotherm measurements. The results of this research agree with the results from Yu 
(2007) where there was no difference between the SSS and DVS methods for dent corn 
starch (rather than pregelatinized waxy corn starch). 
 
Corn Flakes 
The corn flakes isotherms at 25°C using the SSS, VSA, and DVS methods are 
shown in Figure 2.5. The corn flake moisture content values remained closer to the 
baseline more than expected for a type II isotherm, but not as much as a type III isotherm. 
All values above 0.212 aw (“as is” value) were from the adsorption curve and all values 
below were from the desorption curve for the VSA and DVS. Visible mold developed at 
high aw values (0.843, 0.903, and 0.936) in the SSS method, so these data points are not 
shown in Figure 2.5 nor used for statistical analysis. The results of the statistical analysis 
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are given in Table 2.8. For aw of 0.432, the DVS method was different than the SSS 
method with a p-value of 0.0018. No difference was found among the EMC at the other 
aw values.  
The results of this research agree with the results from Schmidt and Lee (2011), 
where the SSS method was compared to the AquaSorp Isotherm Generator (non-
equilibrium, dynamic dewpoint isotherm). Differences for corn flakes were found in the 
region of 0.4 to 0.7 aw, which is the glass transition region, and agrees with the difference 
found in this current research at an aw value of 0.432. Schmidt and Lee (2011) attributed 
the difference to slow diffusion of water into the dense laminated corn flake matrix, 
which is aw dependent. Below 0.4 aw, water is being adsorbed or desorbed from the 
surface of the corn flakes, which results in little difference between methods. Above 0.4 
aw, permeability of the laminated matrix requires more time and the SSS method allows 
for the additional time needed to allow moisture to move beyond the surface into the corn 
flake matrix. The VSA and DVS instruments may not have provided enough time to 
reach complete equilibrium at aw values in the 0.4 to 0.7 aw range using the dm/dt 
parameters of 0.0012%/hour and 0.0015%/minute, respectively, resulting in a lower 
moisture content compared to the SSS method. Once the aw is high enough (~0.7 aw), 
water is able to diffuse into the corn flake matrix more rapidly and the methods come into 
agreement again. In addition, corn flakes are a real food product and variation is expected 
due to the heterogeneous nature of the material. The small sample size and two replicates 
may not be representative of the material and therefore result in differences among 
experimental runs. 
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To determine if a longer equilibration time at 0.432 aw in the DVS would result in 
a higher moisture content, a corn flake sample was held for 2,000 minutes (using a dm/dt 
of 0.0001%/min) at 25°C in the DVS. The resultant DVS moisture content (wb) was 
4.15%, which is only somewhat higher than the original average moisture content (wb) of 
3.87%; but still lower than the average SSS method moisture content (wb) value of 
5.80%. In addition, another corn flake sample was placed in the VSA at 0.432 aw at 25°C 
for 17,000 minutes (using a dm/dt of 0.001%/hour and 5 events) to check the resultant 
moisture content, since it was also somewhat lower than the SSS method value, though 
not statistically different at p = 0.05. The VSA moisture content (wb) obtained was 
4.12%, lower than the average original value (4.42%). It is possible that the heterogeneity 
of corn flake samples is quite large and is a major contributor to the variation observed in 
the isotherm moisture contents at 0.432 aw and that the original equilibration time was 
sufficient.  
 
Crystalline Sucrose 
The crystalline sucrose isotherms at 25°C using the SSS, VSA, and DVS methods 
are shown in Figure 2.6. Crystalline sucrose exhibits a typical type III isotherm shape. 
Little moisture is gained until the aw reaches the deliquescence point, the point where 
moisture from the air begins to dissolve the sucrose. Literature values for the 
deliquescence point for sucrose fall within the range of 0.840 to 0.860 at 25°C (Lipasek 
and others 2012, Yao and others 2011, Salameh and others 2006, Ruegg and Blanc 1981).  
The starting sucrose aw was 0.297, which implies that all values above this “as is” 
value were from the adsorption curve and all values below this “as is” value were from 
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the desorption curve for the VSA and DVS. Two additional aw values, 0.863 and 0.883, 
were added to the VSA and DVS methods to incorporate more data points in order to 
show a more complete sucrose isotherm above the deliquescence point. Visible mold 
developed at high aw values (0.843, 0.903, 0.936) in the SSS method, so these data points 
are not shown in Figure 2.6 nor used for statistical analysis. Since two of these aw values 
occur after the deliquescence point, they are critical to the sucrose isotherm. Therefore, 
crystalline sucrose literature values were substituted for the SSS method at 0.863, 0.883, 
0.903, and 0.936 aw values in order to compare the VSA and DVS methods to the 
standard SSS method. Chinachoti and Steinberg (1984) sucrose data were selected 
because these values were generated experimentally at 25°C using a saturated salt slurry 
method similar to the one used herein. Chinachoti and Steinberg used the Smith equation 
(Smith 1947) to generate parameters for the 0.860 to 0.925 aw range, which were then 
used to calculate the EMC based on the aw values of interest. Chinachoti (1990) provided 
parameters for a higher aw range (0.925 to 0.973) at 25°C, which was used to calculate 
the EMC at 0.936 aw. The second reference used was Lang and Steinberg (1981), who 
also used a method similar to the SSS method used herein to generate an experimental 
isotherm. Lang and Steinberg (1981) also used the Smith equation to generate parameters 
for crystalline sugars and salts above the aw of saturation up to 0.95 aw, which was used to 
calculate the EMC for the corresponding aw values of interest. Lang and Steinberg (1981) 
conducted their experiments at 20°C rather than 25°C as the SSS method used herein. 
However, the average difference between aw values of the saturated salt slurries at 20°C 
and 25°C is 0.0056 based on ten of the salts used in the SSS method (no data for 0.903 aw 
at 20°C) (Greenspan 1976) showing that the small difference in temperature likely has 
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little effect on the resultant sample aw. The literature sources and Smith parameters are 
given in Table 2.9. The aw value of 0.843 was not used because it was found to be below 
the deliquescence point in this study.  
The results of the statistical analysis are given in Table 2.10. For 0.863 aw, the 
DVS was significantly different (p value <0.0001) than the other two methods. This 
difference can be attributed to the fact that this aw value is near the sucrose deliquescence 
point. As mentioned previously, the deliquescence point of pure crystalline sucrose 
ranges in the literature between 0.840 and 0.860 at 25°C (Lipasek and others 2012, Yao 
and others 2011, Salameh and others 2006, Ruegg and Blanc 1981). In addition, Yao and 
others (2011) show that the temperature has an impact on the actual aw in which sucrose 
proceeds through deliquescence point and that there is some variation at each 
temperature. Based on the data for 0.863 aw, the DVS method did not gain as much 
moisture at this particular stage of deliquescence as the SSS and VSA methods given the 
equilibrium criteria used. At 0.883 aw the DVS method was the same as the SSS and VSA 
methods again. No other differences were found among the EMC at the other aw values at 
a p-value of 0.05. 
To determine if a longer equilibration time at 0.863 aw in the DVS would result in 
a higher moisture content, a sucrose sample was held for 7,000 minutes (using a dm/dt of 
0.0001%/min) at 25°C in the DVS. The resultant DVS moisture content (wb) was much 
higher (33.52%), no longer significantly different from the moisture content (wb) values 
obtained by the SSS (32.70%) and VSA (34.95%) methods. 
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Summary 
 In summary, no significant differences between the SSS, VSA, and DVS methods 
were found for microcrystalline cellulose, soy protein isolate, or pregelatinized corn 
starch in terms of moisture content (wet basis) at each aw value. Corn Flakes exhibited a 
difference at 0.432 aw (SSS different than the DVS), while sucrose exhibited a difference 
at 0.863 aw (DVS different than SSS and VSA). All materials had visible mold growth at 
high aw values, which further demonstrate that mold is a major drawback of the SSS 
method. Table 2.11 shows the results for both wet basis and dry basis moisture contents. 
Wet basis moisture content was used for analysis in this research since the values have a 
fixed scale (0 to 100). Whereas, dry basis moisture content allow for moisture content 
values greater than 100%. Table 2.12 demonstrates another disadvantage of the SSS 
method is the long length of time required to reach equilibrium. The SSS method can take 
up to 85 days for the material to reach equilibrium, while the VSA and DVS instruments 
reduce equilibration time to 10 days or less. 
 
Isotherm Model Comparison 
 Another means of comparing isotherms involves fitting the data to a model in 
order to compare the overall isotherm, rather than at individual aw values. Rahman (1995) 
discusses more than ten different isotherm models that can be used. One of those models 
is the Guggenheim, Anderson, and de Boer (GAB) equation, which is often considered 
the best-fit model for describing the full shape of a type II food moisture sorption 
isotherm (Rahman 1995). The GAB has been found to adequately represent experimental 
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data in the range of 0 to 0.95 aw for most foods (Labuza and Altunakar 2007). The GAB 
equation is: 
  
       
                      
          Equation 2.2 
where m is the moisture content, mo is the monolayer moisture content and kb and c are 
constants. The model is used to generate equation parameters for different isotherm 
methods and the statistical significance of the equation parameters could then be used to 
determine any differences between the isotherm methods.   
The main advantage of comparing isotherms using a model is to analyze the 
statistical significance of the entire isotherm as a whole instead of each individual aw 
value. However, there are a few concerns about using models for analysis and 
comparison. Since models are theoretical, the model does not always fit well to the 
experimental data. Using the model assumes a high goodness of fit and does not take into 
consideration when the data does not fit the polynomial equation. Rahman (1995) 
discusses some of the problems when the GAB equation parameters fall outside the 
recommended range. For example, when k is greater than 1, sorption in the model 
becomes infinite. Lewicki (1997) shows that k should fall within the range of 0.24 to 1, 
while c should be greater than 5.67. Beyond these ranges, the isotherm becomes 
unrealistic, resulting in aw values greater than 1 or a large error for the monolayer 
capacity value. The value of constant c has created a controversy regarding whether 
negative values are possible. A number of studies have shown negative values of c 
(Comino 2005, Ahmed and others 2004, Rahman and Al-Belushi 2006) and one found c 
to be infinity (Young 1976). The above examples demonstrate that the model should only 
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be used to determine differences in isotherm methods when the model shows a very high 
goodness of fit to the experimental data. 
 Another drawback of using the model approach to determine differences in 
isotherm methods is the manner in which the parameters are generated. Parameters of the 
GAB equation can be estimated by linear multiple regression after a parabolic nonlinear 
transformation or by using nonlinear optimization techniques. Rahman (1995) points out 
that different regression methods and optimization techniques may result in significantly 
different GAB parameter values. An example of different parameters generated between 
the linear multiple regression (polynomial) and nonlinear optimization technique (least 
squares) methods for microcrystalline cellulose are shown in Figure 2.7. Rahman and Al-
Belushi (2006) believe that only the BET model could be estimated by graphical methods 
and give the same values for parameters. However, in general, the BET equation can only 
describe type II isotherms in the 0.05 to 0.30 aw range; however, in some cases it may be 
applicable up to 0.45 aw (Rahman 2010). 
Similarly, the Smith equation is commonly used for fitting type III isotherm data 
such as sucrose (Smith 1947). The Smith equation can be written as: 
         (    )      Equation 2.3 
where m is the moisture content and a and b are constants representing the y-intercept 
and slope of the isotherm, respectively. 
When fitting moisture content and aw to isotherm equations, such as the GAB and 
Smith equations, by convention dry basis moisture content should be used so that the 
resultant equation parameters can be compared throughout the literature. Information on 
59 
 
using the polynomial form of the GAB and Smith equations to determine the equation 
parameters is given in Appendix C.  
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2.5 Conclusions 
 In conclusion, each of the three methods, SSS, VSA, and DVS has their own 
advantages and disadvantages. The SSS method relies on saturated salt slurries to 
generate specific relative humidity values in a sealed chamber, which is a static 
environment. This method is inexpensive and requires simple laboratory equipment. 
However, the SSS method requires manual data collection and often has a long 
experimental time, resulting in a greater chance of experimental error. Mold growth on 
the samples can occur at high water activity values during the lengthy experiment 
duration, which affects the moisture content measurements and therefore interferes with 
data collection. The VSA and DVS instruments are more expensive and must be well 
maintained and calibrated, but allow for a more flexible experimental design since any 
relative humidity between 0.03 and 0.95 can be chosen. The humidity generating 
instruments also allow for automatic data collection with a significantly shorter 
experiment time. The VSA also adds the additional benefit of being able to generate 
equilibrium and non-equilibrium isotherms. The equilibrium isotherm provides an 
accurate moisture content at a given aw while the non-equilibrium isotherm assists in 
seeing sudden changes in sorption properties such as the glass transition of a material.
 The SSS, VSA, and DVS methods all produce similar equilibrium sorption 
isotherms for the five materials (microcrystalline cellulose, soy protein isolate, 
pregelatinized corn starch, corn flakes, and crystalline sucrose) tested. Only a few 
differences were considered significant and can be attributed the heterogeneous nature 
and glass transition range for corn flakes or the expected variation around that particular 
water activity value for sucrose. The VSA produced equivalent isotherms to the SSS 
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method for the five materials selected in this study and demonstrated the potential to be 
used in generating sorption isotherms for all food products and ingredients.  
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2.6 Figures and Tables 
Table 2.1. Company and sample details for the 5 materials. 
Material Company Material Details 
Microcrystalline 
Cellulose 
FMC Corporation  
Philadelphia, PA 
Avicel PH-101 Cellulose gel 
Lot # P111822757 
Isolated Soy 
Protein 
Archer Daniels Midland (ADM) 
Decatur, IL 
Profam 974 Soy Protein 
Lot # 12033122 
Pregelatinized 
Fragmented Waxy 
Corn Starch 
Tate & Lyle  
Decatur, IL 
X-PAND’R 612 
Lot # SR1L401CA 
Corn Flakes 
Kellogg’s  
Battle Creek, MI 
Kellogg’s Corn Flakes  
Lot # KLB0031137 
Crystalline Cane 
Sucrose 
Sigma-Aldrich  
St. Louis, MO 
S0389 Sucrose 
Lot # 50M011880V 
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Table 2.2. Saturated salt slurries used in this study and their corresponding relative 
humidity values. 
Saturated Salt Slurry Relative Humidity Value (25°C) Reference 
LiBr 6.37 ± 0.52 Greenspan (1976) 
LiCl 11.30 ± 0.27 Greenspan (1976) 
CH3COOK 22.51 ± 0.32 Greenspan (1976) 
MgCl2 32.78 ± 0.16 Greenspan (1976) 
K2CO3 43.16 ± 0.39 Greenspan (1976) 
NaBr 57.57 ± 0.40 Greenspan (1976) 
KI 68.86 ± 0.24 Greenspan (1976) 
NaCl 75.29 ± 0.12 Greenspan (1976) 
KCl 84.34 ± 0.26 Greenspan (1976) 
BaCl2 90.3 Young (1967) 
KNO3 93.58 ± 0.55 Greenspan (1976) 
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Figure 2.1. Lock & Lock container set up: saturated salt slurry on the bottom, pressure 
guard stands to raise the sample above the slurry, and a plastic sample holder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
65 
 
Table 2.3. The initial “as is” sample moisture content and water activity values for the 
five select materials (n = 3). 
Material 
Moisture Content 
(g water/100g sample) Water Activity  
AVG STDEV (25°C) 
Microcrystalline Cellulose 3.989 ± 0.1547 0.369 
Isolated Soy Protein 3.961 ± 0.0490 0.226 
Pregelatinized Corn Starch 3.948 ± 0.1582 0.215 
Corn Flakes 2.990 ± 0.0385 0.212 
Crystalline Sucrose 0.040 ± 0.0003 0.297 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
66 
 
Table 2.4. The average standard deviation across all methods associated with each 
material. 
Material Standard Deviation 
Microcrystalline Cellulose 0.173 
Soy Protein Isolate 0.180 
Pregelatinized Corn Starch 0.243 
Corn Flakes 0.130 
Crystalline Sucrose 0.246 
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Figure 2.2. Microcrystalline cellulose isotherms obtained using the SSS, VSA, and DVS 
methods at 25°C. The averages of the replicates are plotted. The “as is” aw of 0.369 
separates the adsorption and desorption curves for the VSA and DVS. No SSS method 
data shown for 0.936 aw, due to visible mold growth. 
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Table 2.5. p-values of equilibrium moisture contents (g water/100g sample) for 
microcrystalline cellulose at 25°C using the SSS, VSA, and DVS methods. No statistical 
analysis for the SSS method was done at 0.936 aw, due to visible mold growth. 
0.064 aw 
SSS VSA 0.8268 
VSA DVS 1.0000 
DVS SSS 0.8468 
0.113 aw 
SSS VSA 0.9607 
VSA DVS 1.0000 
DVS SSS 0.9955 
0.225 aw 
SSS VSA 0.9997 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.328 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.432 aw 
SSS VSA 0.9964 
VSA DVS 0.9574 
DVS SSS 0.1332 
0.576 aw 
SSS VSA 1.0000 
VSA DVS 0.9784 
DVS SSS 0.7846 
0.689 aw 
SSS VSA 1.0000 
VSA DVS 0.9965 
DVS SSS 0.9851 
0.753 aw 
SSS VSA 0.9980 
VSA DVS 1.0000 
DVS SSS 0.9930 
0.843 aw 
SSS VSA 1.0000 
VSA DVS 0.9997 
DVS SSS 0.7748 
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Table 2.5. (cont.) 
0.903 aw 
SSS VSA 0.9201 
VSA DVS 0.9996 
DVS SSS 0.1586 
0.936 aw 
VSA DVS 0.9991 
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Figure 2.3. Soy protein isolate isotherms obtained using the SSS, VSA, and DVS 
methods at 25°C. The averages of the replicates are plotted. The “as is” aw of 0.226 
separates the adsorption and desorption curves for the VSA and DVS. No SSS method 
data shown for 0.903 or 0.936 aw, due to visible mold growth. 
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Table 2.6. p-values of equilibrium moisture contents (g water/100g sample) for soy 
protein isolate at 25°C using the SSS, VSA, and DVS methods. No statistical analysis for 
the SSS method was done at 0.903 or 0.936 aw, due to visible mold growth. 
0.064 aw 
SSS VSA 1.0000 
VSA DVS 0.9998 
DVS SSS 0.9854 
0.113 aw 
SSS VSA 0.9978 
VSA DVS 0.9999 
DVS SSS 0.5071 
0.225 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.328 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9795 
0.432 aw 
SSS VSA 1.0000 
VSA DVS 0.9992 
DVS SSS 0.8398 
0.576 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.689 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.753 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.843 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9966 
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Table 2.6. (cont.) 
0.903 aw 
VSA DVS 1.0000 
0.936 aw 
VSA DVS 0.4816 
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Figure 2.4. Pregelatinized corn starch isotherms obtained using the SSS, VSA, and DVS 
methods at 25°C. The averages of the replicates are plotted. The “as is” aw of 0.215 
separates the adsorption and desorption curves for the VSA and DVS. No SSS method 
data shown for 0.903 or 0.936 aw, due to visible mold growth. 
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Table 2.7. p-values of equilibrium moisture contents (g water/100g sample) for 
pregelatinized corn starch at 25°C using the SSS, VSA, and DVS methods. No statistical 
analysis for the SSS method was done at 0.903 or 0.936 aw, due to visible mold growth. 
0.064 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.113 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.225 aw 
SSS VSA 0.9736 
VSA DVS 1.0000 
DVS SSS 0.5764 
0.328 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9998 
0.432 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9939 
0.576 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9888 
0.689 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9999 
0.753 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 0.9998 
0.843 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
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Table 2.7. (cont.) 
0.903 aw 
VSA DVS 0.9983 
0.936 aw 
VSA DVS 0.7302 
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Figure 2.5. Corn flakes isotherms obtained using the SSS, VSA, and DVS methods at 
25°C. The averages of the replicates are plotted. The “as is” aw of 0.212 separates the 
adsorption and desorption curves for the VSA and DVS. No SSS method data shown for 
0.843, 0.903 and 0.936 aw, due to visible mold growth. 
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Table 2.8. p-values of equilibrium moisture contents (g water/100g sample) for corn 
flakes at 25°C using the SSS, VSA, and DVS methods. No statistical analysis for the SSS 
method was done at 0.843, 0.903, or 0.936 aw, due to visible mold growth. 
0.064 aw 
SSS VSA 0.7002 
VSA DVS 1.0000 
DVS SSS 0.6725 
0.113 aw 
SSS VSA 0.7207 
VSA DVS 1.0000 
DVS SSS 0.5267 
0.225 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.328 aw 
SSS VSA 0.2746 
VSA DVS 1.0000 
DVS SSS 0.2642 
0.432 aw 
SSS VSA 0.0589 
VSA DVS 0.9975 
DVS SSS 0.0018 
0.576 aw 
SSS VSA 0.7227 
VSA DVS 1.0000 
DVS SSS 0.2337 
0.689 aw 
SSS VSA 0.9991 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.753 aw 
SSS VSA 0.9944 
VSA DVS 1.0000 
DVS SSS 0.9999 
0.843 aw 
VSA DVS 1.0000 
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Table 2.8. (cont.) 
0.903 aw 
VSA DVS 1.0000 
0.936 aw 
VSA DVS 0.2952 
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Table 2.9. Linear regression parameters for crystalline sucrose from the literature. 
Chinachoti and Steinberg (1984) was combined with Chinachoti (1990) to form one set 
of moisture content values, while Lang and Steinberg (1981) provided the other set. 
These references all generated an isotherm for crystalline sucrose experimentally using 
saturated salt slurries and then used the Smith equation to generate the parameters in the 
table. 
aw range 
Intercept 
"a" 
Slope 
"b" R
2
 Temp Reference 
0.860 to 0.925 -0.903 -1.603 0.998 25°C 
Chinachoti and Steinberg 
(1984) 
0.925 to 0.973 -2.5143 -3.0367 0.985 25°C Chinachoti (1990) 
Saturation aw 
to 0.95 
-0.5944 -1.2573 0.9983 20°C Lang and Steinberg (1981) 
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Figure 2.6. Crystalline sucrose isotherms obtained using the SSS, VSA, and DVS 
methods at 25°C. The averages of the replicates are plotted. The “as is” aw of 0.297 
separates the adsorption and desorption curves for the VSA and DVS. The data shown for 
0.863, 0.883, 0.903 and 0.936 aw for the SSS method are averages of literature values for 
crystalline sucrose (SSS LV). 
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Table 2.10. p-values of equilibrium moisture contents (g water/100g sample) for 
crystalline sucrose at 25°C using the SSS, VSA, and DVS methods. The statistical 
analysis for 0.863, 0.883, 0.903 and 0.936 aw for the SSS method are averages of 
literature values. 
0.064 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.113 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.225 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.328 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.432 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.576 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.689 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.753 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
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Table 2.10. (cont.) 
0.863 aw 
SSS VSA 0.9926 
VSA DVS <.0001 
DVS SSS <.0001 
0.883 aw 
SSS VSA 1.0000 
VSA DVS 1.0000 
DVS SSS 1.0000 
0.903 aw 
SSS VSA 1.0000 
VSA DVS 0.9987 
DVS SSS 1.0000 
0.936 aw 
SSS VSA 1.0000 
VSA DVS 0.5673 
DVS SSS 0.6490 
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Table 2.11. Summary of results on both the wet basis and dry basis. The superscripts 
distinguish which method is different; Superscript a signifies the SSS method is different 
than the DVS method, superscript b signifies the DVS method is different than the SSS 
and VSA methods, superscript c signifies the VSA method is different than the DVS 
method. Water activity values that had mold growth for the SSS method are noted. 
Material Results (wb) Results (db) Mold 
Microcrystalline cellulose No difference No difference 0.936 (Day 57) 
Soy protein isolate No difference No difference 
0.903 (Day 22)                                                                                                                    
0.936 (Day 15) 
Pregelatinized corn starch No difference 0.753
a
 
0.903 (Day 37)                     
0.936 (Day 30) 
Corn Flakes 0.432
a
 0.432
a
 and 0.936
c
 
0.843 (Day 29)                                                                                                  
0.903 (Day 15)                                                                                                  
0.936 (Day 15) 
Crystalline sucrose 0.863
b
 No difference 
0.843 (Day 85)                                                                                                                   
0.903 (Day 29)                                                                                                                   
0.936 (Day 15) 
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Table 2.12. Summary of the range equilibration time for the SSS, VSA, and DVS 
methods for the various materials. SSS data shows the median equilibration time and 
does not include visible mold samples. 
Material SSS VSA DVS 
Microcrystalline Cellulose 
15 to 99 days   
(50 days) 
3.38 to 4.89 days 0.71 to 0.73 days 
Soy Protein Isolate 
15 to 50 days 
(22 days) 
4.32 to 5.39 days 1.32 to 1.41 days 
Pregelatinized Corn Starch 
22 to 50 days 
(22 days) 
5.34 to 5.40 days 1.41 to 1.45 days 
Corn Flakes 
15 to 43 days 
(22 days) 
4.88 to 6.53 days 2.14 to 2.17 days 
Crystalline Sucrose 
15 to 85 days 
(18.5 days) 
9.17 to 10.09 days 4.20 to 5.40 days 
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Figure 2.7. GAB parameters generated using the polynomial method and the least squares method for microcrystalline 
cellulose. 
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CHAPTER 3: RECOMMENDATIONS FOR FUTURE WORK 
 Additional research opportunities have been discovered through the process of 
validating the Vapor Sorption Analyzer. The VSA generated similar sorption isotherms 
as the saturated salt slurry method and the DVS instrument for the five materials tested. 
However, more materials should be tested in order to fully explore the robustness of the 
instrument and associated parameters. Specifically, more complex foods and real food 
products should be investigated, since those are the types of products the food industry is 
most interested in.  
 The experiment conducted for this research generated isotherms at 25°C. 
Although many food products are often held at room temperature, they can also be 
exposed to higher or lower temperatures during shipping. The isotherms generated at 
different temperatures, such as 10°C and 35°C, using the VSA should also be compared 
to the SSS and DVS methods for those temperatures.  
 An uncertainty analysis for the VSA should also be conducted. Different variables 
should be investigated to determine the source of measurement variation. Specifically, 
the trigger value (dm/dt) and number of events would be important parameters to study. 
 A major drawback of the saturated salt slurry method is visible mold growth at 
high aw values. Previous studies have been done to determine the effectiveness of 
different mold inhibitors. Unfortunately, none have been effective at the low levels 
required to maintain the material characteristics. One method that has not been explored 
is using an oxygen scavenger to remove the oxygen within the sealed container. In order 
to prevent a vacuum, the container can be flushed with nitrogen gas. Conducting the 
saturated slurry method using the oxygen scavenger and nitrogen gas flush process as a 
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mold inhibitor could be effective at preventing mold growth, allowing for VSA isotherm 
comparisons at the high aw values. 
 Each material has its own unique properties and therefore has different 
requirements for equilibrium criteria. Some materials will require strict criteria and need 
more time to come to equilibrium while other materials will reach equilibrium with less 
strict criteria. A VSA library of recommended dm/dt values for each material type could 
be created as a helpful tool for determining the appropriate equilibrium criteria for a 
specific material. 
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APPENDIX A 
 
Table A.1. Relative humidity values for saturated salt slurries at 25°C 
Saturated Salt Slurry Relative Humidity Value Reference 
CsF 3.39 ± 0.94 Greenspan (1976) 
LiBr 6.37 ± 0.52 Greenspan (1976) 
ZnBr2 7.75 ± 0.39 Greenspan (1976) 
KOH 8.23 ± 0.72 Greenspan (1976) 
NaOH 8.24 ± 2.1 Greenspan (1976) 
LiCl 11.30 ± 0.27 Greenspan (1976) 
CaBr2 16.50 ± 0.20 Greenspan (1976) 
LiI 17.56 ± 0.13 Greenspan (1976) 
CH3COOK 22.51 ± 0.32 Greenspan (1976) 
KF 30.85 ± 1.3 Greenspan (1976) 
MgBr2 30.7 Nyqvist (1983) 
Zn(NO3)2 31 Rockland (1960) 
MgCl2 32.78 ± 0.16 Greenspan (1976) 
NaI 38.17 ± 0.50 Greenspan (1976) 
CrO3 40.0 Nyqvist (1983) 
K2CO3 43.16 ± 0.39 Greenspan (1976) 
LiNO3 47.06 Stokes (1948) 
KNO2 48.2 Young (1967) 
Mg(No3)2 52.89 ± 0.22 Greenspan (1976) 
Ca(NO3)2 54 Rockland (1960) 
Na2Cr2O7 54.4 Nyqvist (1983) 
NaBr 57.57 ± 0.40 Greenspan (1976) 
NaNO2 64.4 Young (1967) 
CoCl2 64.62 ± 3.5 Greenspan (1976) 
CuCl2 67 Rockland (1960) 
CH3COOLi 68 Rockland (1960) 
   
92 
 
Table A.1. (cont.) 
KI 68.86 ± 0.24 Greenspan (1976) 
SrCl2 70.85 ± 0.04 Greenspan (1976) 
NaNO3 74.25 ± 0.32 Greenspan (1976) 
NaCl 75.29 ± 0.12 Greenspan (1976) 
NH4Cl 78.57 ± 0.40 Greenspan (1976) 
KBr 80.89 ± 0.21 Greenspan (1976) 
(NH4)2SO4 80.99 ± 0.28 Greenspan (1976) 
CdCl2 82 Rockland (1960) 
KCl 84.34 ± 0.26 Greenspan (1976) 
SrNO3 85.06 ± 0.38 Greenspan (1976) 
Li2SO4 87.8 Nyqvist (1983) 
BaCl2 90.3 Young (1967) 
KNO3 93.58 ± 0.55 Greenspan (1976) 
K2SO4 97.30 ± 0.45 Greenspan (1976) 
CuSO4 97.2 Young (1967) 
K2CrO4 97.88 ± 0.49 Greenspan (1976) 
K2Cr2O7 98.00 Stokes (1948) 
C6H5COONa 88 Rockland (1960) 
ZnSO4 88 Rockland (1960) 
(NH4)H2PO4 92.7 Young (1967) 
Na2HPO4 97 Rockland (1960) 
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APPENDIX B 
 
Saturated Salt Slurry Procedure 
1. Measure the amount of salt needed based on the solubility of that salt and how 
much water will be used. There should be at least the soluble amount of salt used, 
but more to insure saturation (usually 125-150%). Yu (2007) gives the 
concentration (g solute/100 ml H20) of a number of saturated solutions at 25°C. 
2. Mix the salt with the water on low heat (50°C) for 2 hours on a stir plate using a 
magnetic stir bar. Allow the slurry to cool to room temperature. 
3. There should be some crystals that did not dissolve. Measure the aw of the 
saturated salt solution using an aw meter, such as the Aqualab Activity Meter 4TE 
(Decagon Devices Inc., Pullman, WA). The aw should match up to the relative 
humidity divided by 100% for that specific salt. If the aw is too low, water should 
be added. If the aw is too high, more salt should be added. In both circumstances, 
add what is necessary slowly and in small increments. Remix for another hour on 
low heat and allow to cool to room temperature. 
4. Once the aw matches up with the relative humidity for that specific salt, it should 
be poured into a closed container (e.g., desiccator, PEC chamber, Lock & Lock 
box). The bottom should contain salt crystals that are completely covered by the 
solutions. This allows the solution to remain saturated throughout the experiment 
(Figure B.1). 
5. Record the weight of an empty disposable sample cup (e.g., aw sample cups from 
Decagon Devices Inc., Pullman, WA) and then add a sample of a food product. 
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The weight of the sample and cup together is also recorded. There should be at 
least two sample cups for each material in order to have replicates.  
6. Once the chamber lid is closed, the food product slowly comes to equilibrium 
with the relative humidity of the saturated salt slurry. The food product either 
gains or loses moisture, providing a measurable gain or loss in total weight due to 
moisture migration. 
7. Measure the weight once a week until no additional mass change is observed (less 
than 2 mg/g dry weight for two successive weeks). This is when the sample and 
environment have reached equilibrium. 
8. The moisture content is calculated based on the final sample weight. This 
equilibrium moisture content has a unique aw and creates one data point along the 
isotherm curve. In combination with the other saturated salt slurry values, the data 
points create a sorption isotherm for that food product. 
 Day 1 wt of sample = (wt of sample+empty cup)-(wt of empty cup) 
 EMC (wb) of sample = ((Final wt-Day 1 wt)+(Day 1 wt*initial 
MC))/(Final wt) 
EMC (wb) stands for equilibrium moisture content wet basis of the sample and 
initial MC is determined using a vacuum oven. 
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APPENDIX B (cont.) 
Figure B.1. Lock & Lock container set up with the saturated slurry salt making up 
the bottom of the container which is completely covered by the saturated salt 
slurry. 
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APPENDIX C 
GAB Model 
The GAB equation can be represented by a polynomial expression: 
 
  
  
 [
 
  
(
 
 
  )]   
  [
   
   
]    
 
    
 Equation C.1 
 
Mw = moisture content of the sample (% db) 
Mo = GAB monolayer moisture content (% db) 
C = constant related to the monolayer heat of sorption 
K = factor related to the heat of sorption of the multilayer 
aw = water activity 
 In order to describe how to use the GAB equation to determine parameters using 
the polynomial method, microcrystalline cellulose data generated by the SSS method will 
be used as an example. The aw/Mw ratio was plotted as a function of aw as shown in 
Figure C.1. 
 
The polynomial equation that was fit to the data was: 
y = -0.2031x
2
 + 0.2678x + 0.0048 Equation C.2 
 
Where: 
 





1
1
CM
K
g
  = -0.2031  Equation C.3
CM
C
g
2
 = 0.2678 Equation C.4  
 
CKM g
1
 = 0.0048 Equation C.5 
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Rearrange Equation C.3 to solve for K:  
C
CM
K
g



1
2031.0
 Equation C.6  
Rearrange Equation C.4 to solve for Mg:  
C
C
M g
2678.0
2
  Equation C.7  
Rearrange Equation C.5 to solve for K:  
CM
K
g0048.0
1
  Equation C.8  
Set Equation C.6 equal to Equation C.8:   
C
CM g


1
2031.0
 = 
CM g0048.0
1
 Equation C.9 
Rewrite Equation C.9 to remove fractions: 
                 
        Equation C.10 
Substitute Mg from Equation C.7 into Equation C.10: 
                  (
   
       
)
 
     
Solve Equation C.10 for C: 
                 (
       
         
)      
               (
       
       
)      
 
              
       
(       )      
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]    [  
                
       
]   [
                
       
  ]     
 00544.10544.10136.0 2  CC       
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010129.0 2  CC      
 
   √               
        
   
013.1C  or 76.506 
*Use 76.506 as the value for C because using 1.013 will result in a negative value 
for Mg (MC %db) as shown below. 
 
Substitute C from Equation C.7: 
506.76*2678.0
2506.76 
gM  
64.3gM  (% db)  
*Using 1.013 will result in a MC (%db) of -3.64. 
Substitute C and Mg from Equation C.8:    
506.76*64.3*0048.0
1
K  
748.0K  
Summary of GAB parameters: 
506.76C  
64.3gM  (% db)  
748.0K  
 
Smith Equation 
 The Smith equation is: 
          (    ) Equation C.11 
m = moisture content of the sample (% db) 
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a = constant which represents the isotherm intercept of the moisture content axis  
b = constant which represents the slope of the isotherm 
aw = water activity 
 
In order to describe how to use the Smith equation to determine parameters using 
the polynomial method, sucrose data from the Vapor Sorption Analyzer method will be 
used as an example.  
 
Use Equation C.11 (       form) to define the x variable:  
        (    ) Equation C.12  
The moisture content (%db) was plotted as a function of log10 (1-aw) as shown in 
Figure C.2.  
Only the sucrose values at or above the saturated solution aw value (0.863, 0.883, 
0.903, and 0.936 aw) were fit to the polynomial equation. The polynomial equation for the 
VSA method was: 
y = -1.4376x- 0.7204 Equation C.13 
Where: 
  a = -0.7204  
  b = -1.4376 
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APPENDIX C (cont.) 
Figures and Tables 
Figure C.1. GAB equation for microcrystalline cellulose using data from the SSS method. 
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APPENDIX C (cont.) 
Figure C.2. Smith equation for crystalline sucrose using data from the VSA method. Only 
sucrose values at or above the saturated solution aw value of 0.863 were used. 
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APPENDIX D 
VSA Parameter Study 
 The Vapor Sorption Analyzer (VSA) is a new instrument and this research shows 
the reliability of the equilibrium isotherms. Purdue University is currently looking at the 
non-equilibrium isotherms generated by the VSA in comparison to other methods in 
order to verify the validity. However, there are still several unanswered questions 
regarding the isotherm generating equilibrium parameters for the VSA. The equilibrium 
parameters are important because these values determine how accurate the isotherms turn 
out and how long it takes to generate the isotherm. In order to increase accuracy, the 
strictness of the equilibrium parameters is increased, but the length of time to generate 
the isotherm also increases. The food industry requires accurate isotherms, but need the 
time to be as short as possible. This requires finding the right combination of fast, yet 
accurate equilibrium parameters.  
The parameters used in this research were a combination of manufacturer’s 
suggestion and making sure the equilibrium strictness was equivalent among methods. 
The trigger (%dm/dt) was set to 0.0012%/hour and the event (number of times the trigger 
must be met in order to move to the next stage) was set at 1. The VSA can have any 
trigger that falls in the range of 0.001-1%/hour with the number of events anywhere from 
1-10. The values in this research were on the stricter level, so a few studies were done on 
microcrystalline cellulose and pregelatinized corn starch using less strict criteria (trigger 
value of 0.05%/hour with 1event). 
As shown in Table D.1 and Figure D.1, the two trigger values produced similar 
isotherms for microcrystalline cellulose. However, the 0.05% trigger isotherm was 
generated in 1.4 days while the stricter 0.0012% trigger took 4.4 days. Pregelatinized 
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corn starch demonstrated similar results with the two trigger values generating 
comparable isotherms, as shown in Table D.2 and Figure D.2. The 0.05% trigger was 
produced in 3.0 days while the 0.0012% trigger took 5.4 days. 
In both of these situations, it would be more beneficial to use the 0.05%/hr with 1 
event criteria because it produces an accurate isotherm in a shorter time period. However, 
more research needs to be done in order to determine the best parameters for producing 
an accurate isotherm in the shortest amount of time. Additional trigger and event values 
need to be tested as well as more food materials.  
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APPENDIX D (cont.) 
Figures and Tables 
Table D.1. Microcrystalline cellulose trigger and event data from Figure D.1. 
0.0012%/hr 0.05%/hr 
Time: 5958 min (4.4 days) Time: 2023 min (1.4 days) 
aw EMC (wb) aw EMC (wb) 
0.064 1.60% 0.064 2.18% 
0.113 2.19% 0.113 2.55% 
0.225 3.30% 0.225 3.93% 
0.328 3.96% 0.328 4.21% 
0.432 4.90% 0.432 4.84% 
0.576 6.38% 0.576 6.37% 
0.689 7.73% 0.689 7.67% 
0.753 8.59% 0.753 8.06% 
0.843 10.38% 0.843 10.31% 
0.903 12.09% 0.903 11.96% 
0.936 13.47% 0.936 13.41% 
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APPENDIX D (cont.) 
Figure D.1. Microcrystalline cellulose isotherms obtained using 0.0012% and 0.05% 
trigger values at 25°C. 
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APPENDIX D (cont.) 
Table D.2. Pregelatinized corn starch trigger and event data from Figure D.2. 
0.0012%/hr 0.05%/hr 
Time: 7735 min (5.4 days) Time: 4340 min (3.0 days) 
aw EMC (wb) aw EMC (wb) 
0.064 2.67% 0.064 2.43% 
0.113 3.54% 0.113 3.59% 
0.225 4.46% 0.225 4.59% 
0.328 6.10% 0.328 6.15% 
0.432 7.65% 0.432 7.76% 
0.576 9.96% 0.576 9.97% 
0.689 12.41% 0.689 12.47% 
0.753 14.27% 0.753 14.28% 
0.843 17.39% 0.843 17.45% 
0.903 21.61% 0.903 21.62% 
0.936 26.24% 0.936 26.22% 
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APPENDIX D (cont.) 
Figure D.2. Pregelatinized corn starch isotherms obtained using 0.0012% and 0.05% 
trigger values at 25°C. 
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APPENDIX E 
Table E.1. Data from Figure 2.2 (Microcrystalline Cellulose). No data provided for SSS at 0.936 aw due to visible mold growth. 
SSS VSA DVS 
aw EMC (wb) STDEV aw EMC (wb) STDEV aw EMC (wb) STDEV 
0.064 2.80% 
0.389 
0.064 1.61% 
0.010 
0.064 1.70% 
0.118 
0.064 2.25% 0.064 1.59% 0.064 1.53% 
0.113 2.98% 
0.019 
0.113 2.14% 
0.068 
0.113 2.38% 
0.084 
0.113 2.96% 0.113 2.24% 0.113 2.26% 
0.225 3.72% 
0.184 
0.225 3.32% 
0.018 
0.225 3.54% 
0.024 
0.225 3.98% 0.225 3.29% 0.225 3.51% 
0.328 4.30% 
0.074 
0.328 4.05% 
0.121 
0.328 4.11% 
0.005 
0.328 4.19% 0.328 3.87% 0.328 4.10% 
0.432 5.76% 
0.295 
0.432 5.11% 
0.299 
0.432 4.12% 
0.001 
0.432 5.34% 0.432 4.69% 0.432 4.12% 
0.576 6.57% 
0.029 
0.576 6.59% 
0.297 
0.576 5.63% 
0.009 
0.576 6.61% 0.576 6.17% 0.576 5.65% 
0.689 7.70% 
0.146 
0.689 8.08% 
0.488 
0.689 7.06% 
0.045 
0.689 7.91% 0.689 7.39% 0.689 7.12% 
0.753 8.71% 
0.111 
0.753 8.94% 
0.488 
0.753 7.99% 
0.168 
0.753 8.86% 0.753 8.25% 0.753 8.23% 
0.843 10.81% 
0.026 
0.843 10.73% 
0.485 
0.843 9.71% 
0.175 
0.843 10.77% 0.843 10.04% 0.843 9.96% 
0.903 12.80% 
0.180 
0.903 12.34% 
0.354 
0.903 11.38% 
0.215 
0.903 13.06% 0.903 11.84% 0.903 11.68% 
   0.936 13.69% 
0.317 
0.936 12.67% 
0.297 
      0.936 13.24% 0.936 13.09% 
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APPENDIX E (cont.) 
Table E.2. Data from Figure 2.3 (Soy Protein Isolate). No data provided for SSS at 0.903 or 0.936 aw due to visible mold growth. 
SSS VSA DVS 
aw EMC (wb) STDEV aw EMC (wb) STDEV aw EMC (wb) STDEV 
0.064 2.59% 
0.367 
0.064 2.71% 
0.269 
0.064 3.04% 
0.069 
0.064 2.07% 0.064 2.33% 0.064 3.14% 
0.113 2.66% 
0.035 
0.113 3.43% 
0.122 
0.113 3.85% 
0.018 
0.113 2.71% 0.113 3.25% 0.113 3.88% 
0.225 3.92% 
0.022 
0.225 4.03% 
0.185 
0.225 3.93% 
0.031 
0.225 3.89% 0.225 4.29% 0.225 3.97% 
0.328 5.28% 
0.034 
0.328 4.56% 
0.285 
0.328 4.50% 
0.018 
0.328 5.24% 0.328 4.97% 0.328 4.47% 
0.432 7.02% 
0.015 
0.432 6.55% 
0.195 
0.432 6.10% 
0.038 
0.432 7.04% 0.432 6.82% 0.432 6.04% 
0.576 9.39% 
0.043 
0.576 9.49% 
0.162 
0.576 9.39% 
0.189 
0.576 9.45% 0.576 9.72% 0.576 9.12% 
0.689 11.99% 
0.066 
0.689 12.01% 
0.289 
0.689 12.16% 
0.285 
0.689 11.89% 0.689 12.42% 0.689 11.76% 
0.753 14.12% 
0.087 
0.753 14.02% 
0.075 
0.753 14.21% 
0.337 
0.753 14.00% 0.753 14.13% 0.753 13.73% 
0.843 18.91% 
0.265 
0.843 18.25% 
0.233 
0.843 18.35% 
0.426 
0.843 18.54% 0.843 18.58% 0.843 17.75% 
  
 
0.903 22.98% 
0.065 
0.903 22.83% 
0.505 
  0.903 22.89% 0.903 22.12% 
   0.936 27.37% 
0.215 
0.936 26.78% 
0.641 
      0.936 27.67% 0.936 25.87% 
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APPENDIX E (cont.) 
Table E.3. Data from Figure 2.4 (Pregelatinized Corn Starch). No data provided for SSS at 0.903 or 0.936 aw due to visible mold 
growth. 
SSS VSA DVS 
aw EMC (wb) STDEV aw EMC (wb) STDEV aw EMC (wb) STDEV 
0.064 6.45% 
0.398 
0.064 2.82% 
0.212 
0.064 2.78% 
0.058 
0.064 6.33% 0.064 2.52% 0.064 2.86% 
0.113 7.90% 
0.137 
0.113 3.42% 
0.173 
0.113 3.70% 
0.031 
0.113 8.01% 0.113 3.67% 0.113 3.74% 
0.225 10.47% 
0.913 
0.225 4.45% 
0.026 
0.225 3.81% 
0.188 
0.225 10.33% 0.225 4.48% 0.225 4.07% 
0.328 12.54% 
0.080 
0.328 6.12% 
0.028 
0.328 5.38% 
0.215 
0.328 12.53% 0.328 6.08% 0.328 5.68% 
0.432 14.43% 
0.077 
0.432 7.60% 
0.074 
0.432 6.55% 
0.480 
0.432 14.25% 0.432 7.70% 0.432 7.23% 
0.576 17.16% 
0.102 
0.576 9.95% 
0.014 
0.576 8.93% 
0.505 
0.576 16.87% 0.576 9.97% 0.576 9.65% 
0.689 20.95% 
0.003 
0.689 12.34% 
0.108 
0.689 11.36% 
0.478 
0.689 20.58% 0.689 12.49% 0.689 12.04% 
0.753 20.97% 
0.128 
0.753 14.19% 
0.110 
0.753 13.16% 
0.451 
0.753 21.01% 0.753 14.35% 0.753 13.80% 
0.843 6.45% 
0.201 
0.843 17.25% 
0.192 
0.843 16.42% 
0.628 
0.843 6.33% 0.843 17.53% 0.843 17.31% 
  
 
0.903 21.58% 
0.044 
0.903 20.12% 
0.724 
  0.903 21.64% 0.903 21.15% 
   0.936 26.31% 
0.109 
0.936 24.20% 
0.653 
  
  
0.936 26.16% 0.936 25.12% 
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APPENDIX E (cont.) 
Table E.4. Data from Figure 2.5 (Corn Flakes). No data provided for SSS at 0.843, 0.903, or 0.936 aw due to visible mold growth. 
SSS VSA DVS 
aw EMC (wb) STDEV aw EMC (wb) STDEV aw EMC (wb) STDEV 
0.064 1.78% 
0.019 
0.064 2.98% 
0.479 
0.064 2.70% 
0.059 
0.064 1.76% 0.064 2.30% 0.064 2.62% 
0.113 1.85% 
0.127 
0.113 2.97% 
0.242 
0.113 2.90% 
0.002 
0.113 2.03% 0.113 2.63% 0.113 2.91% 
0.225 3.20% 
0.018 
0.225 3.09% 
0.055 
0.225 2.99% 
0.002 
0.225 3.22% 0.225 3.02% 0.225 2.99% 
0.328 4.23% 
0.013 
0.328 3.26% 
0.215 
0.328 3.10% 
0.007 
0.328 4.21% 0.328 2.96% 0.328 3.10% 
0.432 5.83% 
0.052 
0.432 4.42% 
0.006 
0.432 3.92% 
0.074 
0.432 5.76% 0.432 4.41% 0.432 3.82% 
0.576 8.82% 
0.133 
0.576 8.04% 
0.244 
0.576 7.53% 
0.070 
0.576 8.63% 0.576 7.69% 0.576 7.63% 
0.689 11.75% 
0.024 
0.689 11.34% 
0.156 
0.689 11.40% 
0.047 
0.689 11.71% 0.689 11.11% 0.689 11.33% 
0.753 14.38% 
0.159 
0.753 13.73% 
0.043 
0.753 13.90% 
0.088 
0.753 14.16% 0.753 13.67% 0.753 13.77% 
  
 
0.843 19.23% 
0.375 
0.843 19.02% 
0.083 
  0.843 18.70% 0.843 18.91% 
  
 
0.903 24.59% 
0.220 
0.903 24.55% 
0.226 
  0.903 24.28% 0.903 24.23% 
   0.936 29.69% 
0.251 
0.936 28.71% 
0.420 
  
  
0.936 29.34% 0.936 28.12% 
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APPENDIX E (cont.) 
Table E.5. Data from Figure 2.6 (Crystalline Sucrose). Data for SSS at aw 0.863-0.936 is from literature sources. 
SSS VSA DVS 
aw EMC (wb) STDEV aw EMC (wb) STDEV aw EMC (wb) STDEV 
0.064 0.48% 
0.171 
0.064 0.06% 
0.009 
0.064 0.086% 
0.043 
0.064 0.24% 0.064 0.05% 0.064 0.025% 
0.113 0.10% 
0.002 
0.113 0.08% 
0.095 
0.113 0.157% 
0.089 
0.113 0.10% 0.113 -0.06% 0.113 0.030% 
0.225 -0.83% 
0.152 
0.225 0.05% 
0.018 
0.225 0.038% 
0.001 
0.225 -0.29% 0.225 0.02% 0.225 0.039% 
0.328 0.26% 
0.012 
0.328 0.27% 
0.149 
0.328 0.02% 
0.007 
0.328 0.28% 0.328 0.49% 0.328 0.03% 
0.432 -0.02% 
0.074 
0.432 -0.02% 
0.060 
0.432 0.03% 
0.014 
0.432 0.08% 0.432 0.07% 0.432 0.01% 
0.576 0.03% 
0.059 
0.576 0.05% 
0.011 
0.576 0.05% 
0.031 
0.576 0.11% 0.576 0.07% 0.576 0.09% 
0.689 -0.25% 
1.216 
0.689 0.18% 
0.090 
0.689 0.07% 
0.054 
0.689 -1.97% 0.689 0.05% 0.689 0.15% 
0.753 0.05% 
0.059 
0.753 0.16% 
0.026 
0.753 0.09% 
0.001 
0.753 0.13% 0.753 0.19% 0.753 0.10% 
0.863 32.47% 
0.326 
0.863 34.97% 
0.022 
0.863 20.04% 
0.287 
0.863 32.93% 0.863 34.94% 0.863 19.64% 
0.883 37.13% 
0.381 
0.883 37.96% 
0.015 
0.883 36.39% 
0.086 
0.883 36.60% 0.883 37.98% 0.883 36.51% 
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Table E.5. (cont.) 
0.903 41.90% 
1.019 
0.903 41.71% 
0.082 
0.903 39.44% 
0.135 
0.903 40.46% 0.903 41.83% 0.903 39.63% 
0.936 52.63% 
3.591 
0.936 50.17% 
0.116 
0.936 46.12% 
0.364 
0.936 47.55% 0.936 50.33% 0.936 46.63% 
 
 
 
